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emphasis.  These  are:  1)  the  development  of  a  model  to  describe  the  mechanism  of 
formation  of  rapidly  solidified  A1  alloys  (l.e.  zones  A  and  B);  11)  the 
processing  of  particulate  whose  microstructure  consists  entirely  of  zone  A;  111) 
the  microstructures  of  rapidly  solidified  particulate  of  alloys  based  on  Al-8Fe; 
1v)  the  Identification  of  metastable  phases  which  form  in  some  of  the  A1  alloys 
studied;  and  v)  dynamic  compaction  of  particulate. 

A  simple  model  for  the  formation  of  rapidly  solidified  by per -eutectic  A1 
alloys  has  been  developed.  This  model  Is  based  on  the  degree  of  undercooling 
achieved  prior  to  nucleatlon  and  the  extent  to  which  recalescence  effects  may  be 
Inhibited  by  a  rapid  rate  of  heat-extraction.  Zone  A  microstructures  form  when 
the  temperature  Is  lowered  to  below  that  of  the  extended  o-Al  llquldus  where 
primary  A1  may  be  nucleated.  The  microstructures  of  rapidly  solidified  A1-N1  and 
Al-Co  alloys  may  be  Interpreted  satisfactorily  by  tM$  model.  In  the  case  of  the 
Al-Be  system,  this  model  represents  an  oversimplification  of  the  mechanism  of 
formation  of  rapidly  solidified  mlcrostructures.  Thus,  It  has  been  found  that 
the  mlcrostructures  of  rapidly  solidified  byper-edtectlc  alloys  may  be 
Interpreted  on  the  basis  of  a  metastable  monotectlc  reaction.  Such  an 
explanation  Is  reasonable  since  the  equilibrium  typer-eutectic  llquldus  exhibits 
a  point  of  Inflection. 

Various  methods  for  the  processing  of  particulate  consisting  entirely  of 
zone  A  morphology  have  been  Investigated.  It  was  found  that  mpst  powders  formed 
by  centrifugal  atomization  Involving  convective  cooling  by  He  gas  contain  regions 
of  both  zones  A  and  B.  This  can  be  Interpreted  on  the  basis  of  the  model 
developed  for  the  formation  of  these  mlcrostructures.  Thus,  although  the  powders 
may  be  under-cooled  sufficiently  for  the  formation  of  zone  A  morphologies  (l.e. 
below  the  extended  a-Al  llquldus),  the  rate  of  heat  extraction  Is  not  sufficient 
to  Inhibit  recalescence  which  causes  the  temperature  to  rise  above  the  extended 
llquldus  and  In  this  way  zone  B  morphologies  result.  Particulate  consisting  of 
entirely  zone  A  morphologies  can  be  produced  by  melt-spinning.  Thus,  when  melt¬ 
spinning  Is  effected  with  a  substrate  surface  velocity  of*  35  ms"1  and  the 
ribbons  are  cast  Into  an  He  environment,  zone  A  mlcrostructures  are  formed. 

Ribbons  of  Al-8Fe-2Mo  (wt.X)  consisting  of  a  zone  A  microstructure  were 
produced.  This  microstructure  was  found  to  be  essentially  Identical  to  that  of 
the  same  alloy  which  has  been  laser  surface  melted.  The  same  resistance  to 
thermal  decomposition  was  observed  In  samples  heat-treated  at  400°C  for  four 
hours.  In  an  attempt  to  Improve  the  thermal  stability  of  the  microstructure,  the 
more  slowly  diffusing  element  Zr  was  substituted  for  Mo  In  these  rlbbons- 
A1  though  the  as  rapidly  solidified  mlcrostructures  of  the  Zr  containing  ribbons 
were  In  essence  Identical  to  the  case  of  Mo,  the  thermal  stability  was  In  fact 
somewhat  Inferior.  V  additions  were  also  Investigated,  although  again  no 
Improvements  In  thermal  stability  were  observed. 

The  metastable  phases  which  have  been  observed  to  form  In  rapidly  solidified 
Al-Mn  and  Al-Mo  have  been  studied.  In  the  case  of  the  Al-Mn  alloy,  the  . 
diffraction  patterns  recorded  from  the  phase  of  interest  exhibit  2-,  3-  and  5- 
fold  symmetries.  A  model  for  the  structure  of  the  phase  has  been  developed  on 
the  basis  of  Icosa-hedral  symmetry.  Involving  the  twenty-fold  twinning  of 
rhombohedral  cells.  The  metastable  phase  found  In  Al-Mo  has  been  Identified  as 
AI4M0,  with  space  group  of  Fd3m  and  lattice  parameter  of  7.23  A . 

Finally,  dynamic  compaction  of  powders  of  A1  and  7091  has  been  effected. 

The  mlcrostructures  found  at  the  prior  particle  boundaries  have  been  studied 
using  transmission  electron  microscopy.  It  Is  observed  that  dynamic 
recrystal llzatlon  occurs  as  a  result  of  dynamic  compaction.  Tensile  tests  of 
both  A1  and  7019,  In  both  the  as-compacted  condition  and  following  various  heat- 
treatments,  have  been  carried  out.  Very  limited  ductilities  are  measured  which 
have  been  attributed  to  the  presence  of  the  hydrated  oxide  layer  on  the  surfaces 
of  the  powders. 
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ABSTRACT 


\  5 

During  the  second  year  of  the  program,  there  have  been  five  areas  of 
emphasis.  These  are:  1)  the  development  of  a  model  to  describe  the  mechanism 
of  formation  of  rapidly  solidified  A1  alloys  (l.e.  zones  A  and  B);  11)  the 
processing  of  particulate  whose  microstructure  consists  entirely  of  zone  A; 
111)  the  microstructures  of  rapidly  solidified  particulate  of  alloys  based  on 
A1-8Fe;  1v)  the  Identification  of  metastable  phases  which  form  In  some  of  the 
A1  alloys  studied;  and  v)  dynamic  compaction  of  particulate. 

A  simple  model  for  the  formation  of  rapidly  solidified  hyper-eutectic  A1 
alloys  has  been  developed.  This  model  Is  based  on  the  degree  of  undercooling 
achieved  prior  to  nucleatlon  and  the  extent  to  which  recalescence  effects  may 
be  Inhibited  by  a  rapid  rate  of  heat-extraction.  Zone  A  microstructures  form 
when  the  temperature  Is  lowered  to  below  that  of  the  extended  ^ -A1  llquldus 
where  primary  A1  may  be  nucleated.  The  microstructures  of  rapidly  solidified 
A1-N1  and  Al-Co  alloys  may  be  Interpreted  satisfactorily  by  this  model.  In 


the  case  of  the  Al-Be  system,  this  model  represents  an  overslmpl Iflcatlijn  of 
the  mechanism  of  formation  of  rapidly  solidified  microstructures.  Thus,  It 
has  been  found  that  the  microstructures  of  rapidly  solidified  hyper-eutectic 


alloys  may  be  Interpreted  on  the  basis  of  a  metastable  monotectlc  reaction. 
Such  an  explanation  Is  reasonable  since  the  equilibrium  hyper-eutectic 
llquldus  exhibits  a  point  of  Inflection. 

Various  methods  for  the  processing  of  particulate  consisting  entirely  of 
zone  A  morphology  have  been  Investigated.  It  was  found  that  most  powders 
formed  by  centrifugal  atomization  Involving  convective  cooling  by  He  gas 
contain  regions  of  both  zones  A  and  B.  This  can  be  interpreted  on  the  basis 
of  the  model  developed  for  the  formation  of  these  microstructures.  Thus, 
although  the  powders  may  be  undercooled  sufficiently  for  the  formation  of  zone 


A  morphologies  (l.e.  below  the  extended  o-Al  llquldus),  the  rate  of  heat 
extraction  Is  not  sufficient  to  Inhibit  recalescence  which  causes  the 
temperature  to  rise  above  the  extended  llquldus  and  In  this  way  zone  B 
morphologies  result.  Particulate  consisting  of  entirely  zone  A  morphologies 
can  be  produced  by  melt-spinning.  Thus,  when  melt-spinning  Is  effected  with  a 
substrate  surface  velocity  of  -  35  ms"1  and  the  ribbons  are  cast  Into  an  He 
environment,  zone  A  microstructures  are  formed. 

Ribbons  of  Al-8Fe-2Mo  (wt.%)  consisting  of  a  zone  A  microstructure  were 
produced.  This  microstructure  was  found  to  be  essentially  Identical  to  that 
of  the  same  alloy  which  has  been  laser  surface  melted.  The  same  resistance  to 
thermal  decomposition  was  observed  In  samples  heat-treated  at  400°C  for  four 
hours.  In  an  attempt  to  Improve  the  thermal  stability  of  the  microstructure, 
the  more  slowly  diffusing  element  Zr  was  substituted  for  Mo  In  these  ribbons. 
Although  the  as  rapidly  solidified  microstructures  of  the  Zr  containing 
ribbons  were  In  essence  Identical  to  the  case  of  Mo,  the  thermal  stability  was 
In  fact  somewhat  Inferior.  V  additions  were  also  Investigated,  although  again 
no  Improvements  In  thermal  stability  were  observed. 

The  metastable  phases  which  have  been  observed  to  form  In  rapidly 
solidified  Al-Mn  and  Al-Mo  have  been  studied.  In  the  case  of  the  Al-Mn  alloy, 
the  diffraction  patterns  recorded  from  the  phase  of  Interest  exhibit  2-,  3- 
and  5-fold  symmetries.  A  model  for  the  structure  of  the  phase  has  been 
developed  on  the  basis  of  icosahedral  symmetry,  involving  the  twenty-fold 
twinning  of  rhombohedral  cells.  The  metastable  phase  found  in  Al-Mo  has  been 
Identified  as  AI^Mo,  with  space  group  of  Fd3m  and  lattice  parameter  of 
7.23  A. 

Finally,  dynamic  compaction  of  powders  of  A1  and  7091  has  been 
effected.  The  microstructures  found  at  the  prior  particle  boundaries  have 
been  studied  using  transmission  electron  microscopy.  It  Is  observed  that 
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dynamic  recrystallization  occurs  as  a  result  of  dynamic  compaction.  Tensile 
tests  of  both  A1  and  7019,  In  both  the  as-compacted  condition  and  following 
various  heat- treatments,  have  been  carried  out.  Very  limited  ductilities  are 
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measured  which  have  been  attributed  to  the  presence  of  the  hydrated  oxide 
layer  on  the  surfaces  of  the  powders. 
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1.  INTRODUCTION 


This  report  describes  the  work  done  during  the  second  year  of  a  program 
Involving  the  rapid  solidification  processing  (RSP)  and  powder  metallurgy  of 
A1  alloys.  Most  of  the  alloys  studied  fall  Into  the  category  of  intermediate 
(or  elevated)  temperature  application,  l.e.  In  the  range  250>300*C  («  480* 
570*F).  The  original  program  of  research  Involved  five  tasks.  Including  the 
mlcrostructural  response  of  the  alloys  to  RSP,  production  of  RSP  particulate, 
dynamic  powder  compaction,  heat*treatment  and  mlcrostructural  development,  and 
finally,  property  evaluation.  During  the  first  year  of  the  program,  work 
commenced  as  planned  on  the  first  three  of  these  tasks,  and  the  progress  made 
was  described  In  the  first  annual  technical  report.  However,  as  a  result  of 
that  work,  a  number  of  small  changes  In  emphasis  were  made  (with  the  approval 
of  the  Technical  Monitor,  Dr.  A.H.  Rosensteln)  In  the  research  plan  for  the 
second  year.  The  modified  plan  Is  presented  below  together  with  the  reasons 
for  the  changes  In  emphasis  where  appropriate. 

Three  major  results  highlight  the  work  of  the  first  year.  Firstly,  a 
simple  mechanism  for  the  formation  of  microstructures  of  rapidly  solidified  A1 
alloys  (l.e.  zones  A  and  B*)  was  formulated  Involving  both  the  undercooling 
achieved  prior  to  nucleatlon  and  the  Inhibition  of  recalescence  during 
subsequent  solidification.  Secondly,  the  thermal  stabilities  of  the  zone  A 
microstructures  of  Al-8Fe-2Mo  and  A1 -7.9Fe-2.9Ce  (composition  In  wt.l)  were 
compared  and  It  was  shown  that  the  Mo  containing  alloy  exhibited  a  greater 
resistance  to  thermal  decomposition.  Finally,  it  was  found  that  the  optimum 
strength  of  rapidly  solidified  Al-8Fe  alloys  depends  critically  on  the 


♦When  samples  of  A1  alloys  are  rapidly  solidified  and  subsequently  polished 
and  etched  for  examination  by  optical  metallography,  In  general  some  regions 
give  rise  to  contrast  whereas  others  are  essentially  featureless.  These 
regions  have  been  termed  zones  *8*  and  'A',  respectively'1 * . 
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presence  of  the  refined  Intermetalllc  dispersion  at  the  Intercellular  (or  more 
strictly  correct,  Intercolumnar)  regions.  The  main  emphases  of  the  second 
year's  work  have  been  aimed  at  an  exploitation  of  these  results.  Thus, 
regarding  the  mechanism  of  formation  of  the  rapidly  solidified  micro¬ 
structures,  the  work  has  been  expanded  to  the  somewhat  more  complicated 
systems  Al-Co  and  Al-Be.  The  Increased  resistance  to  coarsening  of  the  Mo 
containing  alloy  Is  not  well  understood  and  so  other  tertiary  alloying 
elements  have  been  added  In  an  attempt  to  determine  the  cause  of  this 
Important  effect.  Finally,  If  optimum  strengths  are  to  be  achieved  In  bulk 
pieces  of  these  RSP  alloys.  It  Is  Important  to  be  able  not  only  to  produce 
particulate  possessing  a  microstructure  which  consists  entirely  of  zone  A,  but 
also  to  subsequently  consolidate  this  without  causing  coarsening  of  the  RSP 
microstructure.  Work  during  this  second  year  has  been  aimed  at  methods  of 
producing  and  consolidating  such  particulate.  Firstly,  the  use  of  dynamic 
powder  compaction  has  been  continued  where  consolidation  may  be  effected  In 
the  absence  of  a  prolonged  thermal  excursion.  Secondly,  since  the  Mo 
containing  alloys  are  fairly  stable  up  to  -  400*0,  extrusion  at  temperatures 
just  less  than  this  value  (l.e.  In  the  range  325-375°C  («  600-700°F))  may  be 
used  to  consolidate  the  given  particulate.  It  should  be  noted  that  extrusion 
has  been  used  to  compact  powders  at  these  temperatures  previously^. 

The  work  described  below  has  been  divided  Into  the  following  five  areas: 
the  mechanism  of  formation  of  microstructures,  processing  of  'Zone  A'  micro¬ 
structures,  microstructures  of  rapidly  solidified  alloys  based  on  the  Al-Fe 
system,  metastable  phase  formation  and  finally,  dynamic  compaction  studies. 


.  HECHANISH  OF  FORMATION  OF  HICROSTRUCTURES 

2.1  A1-N1 

During  the  first  year's  work,  rapidly  solidified  A1-N1  alloys  were 
studied  In  an  attempt  to  determine  the  mechanism  of  formation  of  micro¬ 
structures  corresponding  to  zone  A  and  zone  B.  Two  compositions  were  studied, 
namely  3.5N1  and  8.0N1  (compositions  In  atomic  %),  and  RSP  was  effected  In 
each  case  by  laser  surface  melting  (LSM).  Optical  micrographs  of  ISM  samples 
of  the  dilute  alloy  (3.5N1)  revealed  the  presence  of  only  zone  A,  whereas 
those  of  the  more  concentrated  alloy  (8. ONI)  exhibited  both  types  of 
microstructure.  It  has  been  found  that  zone  A  for  the  dilute  alloy  consists 
mainly  of  a  cellular  microstructure  where  thea-A1  cells  are  »  0.2-0. 5pm  in 
diameter  and  surrounded  by  a  refined  precipitation  of  the  stable  Intermetalllc 
AI3NI.  In  some  areas,  small  amounts  of  a  micro-eutectic  mixture  were 
observed.  This  latter  micro structure  consists  of  a  rod-like  precipitation  of 
the  Intermetalllc  compound  AI3NI  In  an  A1  matrix.  The  interparticle  spacing 
is  -  40nm.  These  various  features  are  shown  In  Fig.  1  (a,b).  In  contrast  to 
these  observations,  zone  A  In  the  alloy  containing  8. 0N1  consisted  mostly  of 
the  refined  micro-eutectic  mixture  (Fig.  lc)  and  only  small  amounts  of  the 
cellular  morphology  (Fig.  Id).  In  this  same  more  concentrated  alloy,  zone  B 
has  been  found  to  consist  of  rather  coarse  primary  dendrites  of  the  Inter¬ 
metalllc  AI3NI  with  A1  In  the  Interdendrltlc  regions  (shown  In  Fig.  le  for  the 
sake  of  completeness). 

These  various  observations  have  been  Interpreted  on  the  following 
basis.  Consider  the  phase  diagram  shown  in  Fig.  2.  The  common  feature 
between  the  two  zone  A  morphologies  Is  the  presence  of  the  continuous  matrix 
of  o-A1.  Therefore,  It  seems  reasonable  to  assume  that  the  liquid  metal  has 
been  undercooled,  at  least  at  the  advancing  solid/liquid  Interface,  such  that 
nucleatlon  occurs  at  a  temperature  below  the  extended  o-Al  llquldus.  Under 


these  conditions.  It  Is  possible  for  the  A1  solid  solution  to  form  first, 
especially  If  It  Is  difficult  to  nucleate  the  Intermetalllc  compound.  Zone  B 
microstructures  would  then  correspond  to  the  condition  where  the  local 
temperature  lies  above  the  extended  llquldus  and  so  It  Is  not  possible  for 
primary  A1  to  form  and  rather  the  Intermetalllc  compound  nucleates  as  the 
primary  phase  In  the  form  of  dendrites.  In  a  sample  exhibiting  both  types  of 
morphologies.  It  Is  expected  that  the  liquid  metal  was  undercooled  Initially 
below  the  extended  llquldus  so  that  zone  A  formed  and  then  the  subsequent 
liberation  of  latent  heat  of  fusion  caused  the  local  temperature  at  the 
Interface  to  Increase  (recalescence)  above  the  extended  llquldus  so  that  zone 
B  formed. 

The  difference  In  the  two  morphologies  corresponding  to  zone  A,  l.e. 
mainly  a  cellular  microstructure  In  the  dilute  alloy  and  mostly  a  micro¬ 
eutectic  mixture  In  the  concentrated  alloy  may  be  explained  on  the  basis  of  an 
asymmetric  region  of  coupled  growth  foV  liquids  undercooled  below  the  eutectic 
temperature  (shown  schematically  as  the  shaded  region  In  Fig.  2).  Such 
asymmetry  In  the  coupled  growth  region  of  Al-Fe  alloys  has  been  reported^3) 
and  postulated  more  recently  for  the  case  of  an  eutectic  mixture  involving  a 
faceted  phased.  For  zone  A  to  form  In  the  A1-8.0N1  alloy,  the  liquid 
appears  to  have  been  undercooled  -  200°C.  This  is  sufficient  to  permit  the 
formation  of  a  micro-eutectic  although  some  cells  are  also  produced.  There¬ 
fore,  the  hyper-eutectic  boundary  of  the  region  of  coupled  growth  appears  to 
lie  close  to  the  extended  liquldus.  For  similar  undercoolings,  the  dilute 
alloy  (3.5N1)  appears  to  lie  mostly  outside  the  region  of  coupled  growth,  as 
shown  In  Fig.  2  and  so  the  hypo-eutectic  boundary  of  the  region  of  coupled 
growth  seems  to  lie  as  shown  In  Fig.  2.  If  these  deductions  are  correct,  then 
under  the  conditions  Imposed  by  LSM,  an  alloy  containing  6. ONI  would  be 
undercooled  Into  the  region  of  coupled  growth  such  that  the  microstructure 


would  consist  entirely  of  micro-eutectic  zone  A.  To  verify  this,  an  A1-6.0N1 
sample  was  rapidly  solidified  using  LSM  and  the  resulting  microstructure  Is 
shown  In  Fig.  3.  As  can  be  seen,  the  microstructure  does  Indeed  consist  of 
the  micro-eutectic  mixture,  a  result  which  helps  to  substantiate  the  present 
model . 

In  summary,  based  on  observations  of  rapidly  solidified  A1-N1  alloys,  the 
formation  of  zone  A  and  B  morphologies  corresponds  to  undercooling  of  the  melt 
either  below  or  above  the  extended <*-Al  llquldus,  respectively.  Thus,  If  the 
undercooling  Induced  by  a  rapid  rate  of  heat  extraction  Is  not  sufficient  to 
reduce  the  temperature  of  the  liquid  below  the  extended  llquldus,  then 
nucleatlon  of  the  Intermetall 1c  compound  will  occur,  and  a  zone  B  morphology 
will  result.  If,  however,  the  temperature  of  the  liquid  Is  reduced  to  below 
that  of  the  extended  llquldus.  It  Is  possible  fora-Al  to  nucleate  first. 

This  Is  accomplished  In  either  a  cellular  fashion  or  as  a  coupled  micro¬ 
eutectic  mixture,  depending  on  factors  such  as  the  shape  of  the  region  of 
coupled  growth  and  degree  of  undercooling  prior  to  nucleatlon.  If  during 
solidification  recalescence  causes  the  temperature  to  rise  above  the  extended 
llquldus  then  a  zone  B  microstructure  will  again  form.  The  microstructures  in 
rapidly  solidified  Al-Co  and  Al-Be  have  been  studied  and  interpreted  on  the 
basis  of  undercooling  prior  to  nucleation  in  a  similar  manner  to  that 
described  here.  These  results  are  described  below. 

2.2  A1 -Co 

For  dilute  alloys,  the  phase  diagram  of  the  Al-Co  system  possesses  many 
of  the  same  features  exhibited  by  the  A1-N1  system,  l.e.  limited  solubility  of 
Co  In  A1 ,  and  an  eutectic  at  a  low  value  of  A1  concentration  Involving  an 
intermetall ic  AI9C02*,  one  difference  Involves  a  steeper  slope  of  the  hyper¬ 
eutectic  llquldus  In  the  case  of  Al-Co  (see  Fig.  4).  It  Is  Interesting, 
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therefore,  to  determine  whether  similar  types  of  microstructure  occur  when 
hyper-eutectic  Al-Co  alloys  are  rapidly  solidified  which  may  then  be  explained 
on  the  basis  of  the  model  described  above.  In  fact,  such  alloys  have  been 
rapidly  solidified  using  melt-spinning  by  Garrett  and  Sanders^).  Their 
observations  and  conclusions  may  be  summarized  as  follows  (presented  in  bold 
print  so  that  they  may  be  differentiated  easily  from  the  results  and 
discussion  of  the  present  work).  Four  alloys  were  studied,  namely  A1  with 
2.5,  5.0,  7.5,  and  10.0  at.XCo,  respectively.  For  melt-spinning  using  a  Cu 
wheel  with  a  surface  speed  of  -  36ms*1  and  casting  Into  air,  optical 
metallography  was  used  to  show  that  the  ribbons  contained  a  region  of  zone  A 
corresponding  to  where  the  ribbon  had  been  In  contact  with  the  wheel;  the 
extent  of  the  region  of  zone  A  Increased  with  decreasing  solute  content.  The 
remaining  parts  of  the  ribbons  exhibited  a  microstructure  consisting  of  zone 
ft.  TEN  revealed  that  the  zone  A  regions  consist  of  an  extremely  refined 
cellular  structure.  In  addition  to  this  refined  morphology,  many  larger 
particles  of  AlgCo?  were  observed.  These  large  particles  are  surrounded  by  a 
small  region  of <*-A1  which  Is  depleted  apparently  In  Co.  The  micro-cellular 
morphology  was  found  to  be  adjacent  to  these  regions  of  a-Al.  A  model  Is 
presented  In  which  It  Is  thought  that  these  large  Intermetal 11c  particles 
nucleate  directly  from  the  melt  and  grow  subsequently. 

The  model  of  Garrett  and  Sanders  Is  not  In  agreement  with  that  presented 
above  based  on  the  results  of  rapid  solidification  of  Al-Ni  alloys.  Moreover, 
the  presence  of  large  Intermetalllc  particles  surrounded  by  a  refined  zone  A 
microstructure  Is  difficult  to  understand  In  view  of  the  effect  of  the  latent 
heat  of  fusion  which  would  be  liberated  by  the  relatively  extensive  growth  of 
such  intermetalllc  particles.  In  view  of  this,  as  part  of  the  present  work 
two  alloys,  namely  3.5  and  5.0  attCo,  were  reduced  to  ribbons  by  melt¬ 
spinning.  In  the  case  of  the  former,  melt-spinning  was  effected  In  two  ways. 


firstly  by  producing  ribbon  In  a  vacuum  and  secondly  by  using  an  He  environ¬ 
ment,  so  that  the  rate  of  heat  extraction  was  varied.  Optical  micrographs  of 
the  ribbons  of  alloys  containing  3.5Co  produced  In  this  way  are  presented  In 
Fig.  5  (a,b).  As  can  be  seen,  the  ribbon  produced  using  an  He  environment 
consists  largely  of  areas  that  do  not  respond  to  etching  (zone  A),  whereas  the 
ribbon  which  was  melt-spun  Into  a  vacuum  (the  slower  of  the  two  rates  of  heat 
extraction)  exhibits  regions  of  both  zones  A  and  B.  The  ribbon  of  the  more 
concentrated  alloy,  5.0*,  produced  by  spinning  Into  an  He  environment  was 
found  to  consist  mainly  of  zone  A.  It  Is  Immediately  apparent  that  melt¬ 
spinning  Into  an  He  environment  produces  ribbon  with  a  more  uniform  and 
attractive  (zone  A)  microstructure.  In  the  case  of  the  alloy  containing  3.5 
at.*Co,  the  zone  A  Is  shown  In  Fig.  6  and  Is  found  to  be  composed  of  an 
extremely  refined  cellular  microstructure,  the  cells  being  based  ono-Al,  and 
the  Intercellular  precipitates  being  A1gCo2,  In  agreement  with  the 
observations  of  Garrett  and  Sanders.  In  the  case  of  the  melt-spun  ribbon  cast 
into  vacuum,  the  zone  B  microstructure  consists  of  large  primary  particles  of 
AlgCo2  with  a-Al  in  the  extensive  interdendritic  regions,  as  shown  in  Fig.  7. 
The  morphology  of  the  intermetal  1 ic  particles  is  rather  different  from  those 
observed  by  Garrett  and  Sanders  and  it  should  be  noted  that  the  microstructure 
surrounding  the  particles  is  also  different  in  the  two  cases.  For  the  alloy 
containing  5.0  at.*Co,  the  zone  A  microstructure  involves  a  coupled  growth 
mixture  of  A1  and  AlgCo2  (Fig.  8).  Only  very  occasionally  was  a  large  inter- 
metallic  particle  observed  which  exhibited  the  same  morphology  as  that 
referred  to  by  Garrett  and  Sanders,  one  such  being  shown  in  Fig.  9.  These 
particles  have  been  identified  as  AlgCo2  by  use  of  selected  area  diffraction 
although  It  was  found  that  a  number  of  reflections  were  present  which  should 
have  been  kinematically  forbidden  according  to  the  special  restrictions 
associated  with  the  particular  space  group  (P2j/c)  and  positions  of  atoms 
within  the  cell.  This  discrepancy  Is  being  investigated  further. 
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In  the  main,  the  observations  of  the  microstructures  which  form  In  melt- 
spun  ribbons  (MSR)  of  the  Al-Co  alloys  studied  here  are  very  similar  to  those 
observed  In  the  A1-N1  alloys.  Thus,  at  relatively  low  concentrations 
(*  3.5Co),  zone  A  consists  of  a  very  refined  cellular  mlcrost  jcture,  whereas 
zone  B  appears  to  consist  of  large  primary  particles  of  A1gC02  surrounded  by 
Interdendrltlc  A1.  As  the  Co  content  Is  Increased  to  •  5.0X,  It  appears  that 
the  alloy  can  be  undercooled  Into  the  region  of  coupled  growth  which  Is 
expected  to  exhibit  an  asymmetry  In  a  similar  fashion  to  that  of  the  case  of 
A1-N1.  These  various  microstructures  are  essentially  the  same  as  those 
observed  in  the  A1-N1  alloys  studied  and  their  occurrence  can  be  explained 
using  the  same  model  described  above. 

The  main  difference  between  the  microstructures  observed  In  the  two  alloy 
systems  Involves  the  large  stellated  particles  seen  rather  frequently  by 
Garrett  and  Sanders  and  very  Infrequently  In  the  present  work.  The  presence 
of  these  particles  cannot  be  accounted  for  on  the  basis  of  the  model  presented 
here.  Garrett  and  Sanders  have  concluded  that  these  particles  nucleate 
directly  from  the  liquid,  and  are  therefore  a  form  of  zone  B.  There  are  three 
problems  associated  with  their  interpretation.  Firstly,  these  authors  show  a 
TEM  micrograph  taken  from  the  wheel-side  of  the  ribbon,  which  should  possess  a 
zone  A  morphology;  some  of  the  large  Intermetall 1c  particles  appear  to  be 
present  In  this  micrograph.  Secondly,  these  particles  appear  to  be  surrounded 
by  the  extremely  refined  cellular  microstructure  characteristic  of  zone  A.  If 
the  particles  had  nucleated  directly  In  the  liquid  and  grown  to  these 
relatively  large  sizes.  It  is  probable  that  the  latent  heat  of  fusion 
liberated  would  have  caused  recalescence  inhibiting  the  formation  of  zone  A. 
Thirdly,  the  zone  B  morphology  has  been  studied  In  the  present  work  and  the 
Intermetall 1c  AlgCo^  Is  seen  to  exhibit  a  rather  different  morphology  than  the 
stellated  Intermetall 1c  particles.  For  these  reasons.  It  Is  unlikely  that 
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these  large  particles  are  nucleated  directly  In  the  liquid.  It  Is  more  likely 
that  they  are  present  In  the  liquid  at  the  beginning  of  the  melt-spinning 
process.  Thus,  when  the  prealloyed  stock  is  melted  in  the  quartz  crucible, 
after  becoming  molten.  It  will  take  some  finite  period  for  the  large  primary 
Intermetalllc  dendrites  to  be  completely  dissolved.  It  Is  possible,  then,  for 
the  casting  of  the  melt-spun  ribbons  to  be  commenced  before  the  alloy  Is 
completely  liquid.  In  this  case,  the  stellated  particles  would  correspond  to 
the  partially  remelted  dendrites  of  A1 9C02 •  The  presence  of  a  region  adjacent 
to  these  particles  which  Is  denuded  In  Co  may  be  understood  simply  in  terms  of 
a  small  amount  of  regrowth  of  the  particles  during  the  melt-spinning  process. 
Finally,  the  observation  of  the  adjacent  zone  A  morphology  Implies  insig¬ 
nificant  recalescence  and  therefore  little  growth  of  the  particles.  It  Is  of 
Interest  to  understand  why  rapid  growth  does  not  occur  once  undercooling 
begins  If  these  particles  are  already  present  In  the  liquid.  The  Implication 
is  that  the  growth  rate  of  the  intermetalllc  compounds  Is  relatively  low. 

Some  evidence  for  this  Is  afforded  by  observations  of  LSM  samples  of  A1-N1. 
Thus,  It  can  be  seen  In  the  optical  micrograph  shown  In  Fig.  10  that  in  the 
regions  of  the  melt-pool  adjacent  to  the  substrate,  pieces  of  unmelted  primary 
dendrites  of  AI3NI  are  trapped  In  the  rapidly  solidified  volume.  One  such 
particle  Is  shown  In  Fig.  11,  and  It  can  be  seen  that  It  Is  surrounded  by  a 
region  depleted  In  N1 ,  presumably  corresponding  to  some  growth  of  the 
particle.  However,  most  of  the  solidified  material  has  formed  the  micro¬ 
eutectic  mixture  associated  with  zone  A.  The  size  of  the  large  Intermetalllc 
dendrite  Is  approximately  the  same  as  that  of  those  found  in  the  substrate. 
Indicating  that  little  growth  has  occurred.  It  can  be  concluded  that, 
although  the  Intermetalllc  phase  was  already  present  In  the  liquid,  sufficient 
undercooling  was  achieved  so  that  zone  A  microstructures  could  form.  The 
growth  rate  of  the  pre-existing  particle  must  have  been  low  so  that 
recalescence  effects  were  negligible. 
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It  Is  concluded,  then,  that  the  mlcrostructural  responses  of  lyper- 
eu tec tic  alloys  In  the  Al-Co  system  show  a  marked  similarity  to  those  observed 
with  A1-N1  alloys.  The  various  microstructures  formed  can  be  Interpreted  on 
the  basis  of  the  model  described  above,  Involving  undercooling  of  the  liquid 
below  (zone  A)  or  above  (zone  B)  the  extended  hyper-eutectic  A1  llquldus.  In 
this  way,  zone  A  Is  Interpreted  as  Involving  primary  nucleatlon  of  «-Al 
whereas  zone  B  corresponds  to  the  primary  nucleatlon  of  the  appropriate  Inter- 
metallic  compound.  In  zone  A,  once  solidification  of  the  A1  begins,  the  rate 
of  extraction  of  heat  must  be  sufficient  to  Inhibit  the  effects  of 
recalescence  caused  by  the  liberation  of  latent  heat  of  fusion  associated  with 
the  growing  crystalline  phases.  If  recalescence  causes  the  local  liquid 
temperature  at  the  solld/llquld  Interface  to  Increase  above  the  extended 
llquldus,  then  the  solidification  mode  changes  and  nucleatlon  of  primary 
Intermetalllc  phases  will  occur,  l.e.  zone  B. 

2.3  Al-Be 

The  Al-Be  system  exhibits  many  of  the  same  characteristics  as  those 
associated  with  the  two  alloys  described  above.  However,  there  are  two 
significant  differences.  Firstly,  the  eutectic  mixture  Involves  solid 
solutions  (both  with  extremely  limited  solubilities)  based  on  A1  and  Be, 
whereas  the  systems  described  above  Involved  intermetal  1 ic  compounds  which  are 
apparently  difficult  to  nucleate.  Secondly,  the  equilibrium  Be  llquldus 
exhibits  a  point  of  Inflection  so  that  some  metastable  reactions  may  be 
expected  as  a  result  of  rapid  sol Idlflcation^)  (see  Fig.  12).  For  these 
reasons  alloys  taken  from  this  system  were  reduced  to  rapidly  solidified 
ribbons  by  melt-spinning. 

Al-Be  alloys  with  nominal  compositions  of  4.4,  5.8  and  20. OX  (In  at.X)  were 
prepared  by  Induction  melting  under  an  atmosphere  of  argon  and  chlllcast  Into 


carbon  molds.  Melt-spun  ribbon  was  produced  by  Induction  heating  and  ejecting 
the  molten  alloys  onto  a  15  cm  (diameter)  Cu  wheel  having  a  surface  velocity 
of  35  m/s.  The  three  alloys,  having  between  100  and  200°C  of  superheat,  were 
ejected  from  a  graphite  crucible  Into  an  He  environment.  In  addition,  ribbon 
of  the  A1-20.0Be  alloy  was  produced  by  melting  In  a  silica-glass  crucible 
under  vacuum.  He  gas  was  Introduced  as  the  melt  was  ejected  from  the 
crucible.  The  average  thickness  of  the  ribbons  was  less  than  40 vm. 

Ribbons  for  heat  treatment  were  encapsulated  In  silica-glass  under  a  partial 
pressure  of  argon.  Heat  treatment  was  performed  In  a  box  furnace  with  a 
controlling  thermalcouple  next  to  the  encapsulated  specimen.  The  specimen 
temperature  was  controlled  to  ±  5*C. 

2.3.1  Microstructure  of  As-Cast  Material 

The  microstructure  of  as-cast  hyper-eutectic  alloys  consists  of  rather 
coarse  pro-eutectic  dendrites  of  Be  with  the  Interdendrltlc  material  being  an 
eutectic  mixture  of  a-Al  and  Be;- an  example  Is  shown  schematically  In  Fig.  13  for 
the  case  of  A1-20.0Be.  This  microstructure  may  be  Interpreted  on  the  basis  of 
the  equilibrium  phase  diagram  shown  In  Fig.  12.  An  alloy  of  composition  Al-4.4Be 
was  heat-treated  for  1  hour  at  a  temperature  of  64Q#C,  just  below  that  at  which 
the  eutectic  reaction  occurs,  to  maximize  the  amount  of  Be  in  solid  solution, 
then  quenched  and  aged  subsequently  at  300°C  for  30  mins.  The  resulting  micro¬ 
structure  is  shown  In  Fig.  14a.  Small  particles  exhibiting  weak  contrast  are 
visible  (barely)  although  no  dlscernable  intensity  maxima  which  could  be 
attributed  to  the  presence  of  these  precipitates  were  evident  In  diffraction 
patterns.  These  small  particles  are  thought  to  be  Be,  their  precipitation  being 
caused  by  the  rapid  decrease  with  temperature  In  the  solid  solubility  of  this 
element  In  Al.  The  lack  of  diffracted  intensity  from  the  particles  Is  consistent 
with  their  small  size  and  the  low  scattering  cross-section  of  Be.  However,  they 
may  be  Imaged  more  readily  using  weak-beam  dark-field  (WBOF)  microscopy^)  which. 
In  this  case,  relies  on  the  strain  fields  associated  with  the  lattice  mismatch 
between  matrix  and  precipitate  and  such  an  Image  Is  shown  In  Fig.  14b. 
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2.3.2  Microstructures  of  Helt-spun  Ribbons 

As  mentioned  above,  the  alloys  4.4,  5.8  and  20.0  Be  were  reduced  to  ribbons 
by  melt-spinning.  The  microstructure  of  the  most  dilute  alloy,  4.4  Be,  Is  shown 
In  Fig.  15  and  consists  of  a  cellular  structure,  based  ona-Al,  with  some 
precipitation  visible  at  the  Intercellular  regions.  These  various  features  of 
the  microstructure  are  revealed  more  clearly  In  the  brlght-fleld  and  WBOF 
transmission  electron  micrographs  shown  In  Fig.  16  (a  and  b).  The  Intercellular 
precipitation  consists  of  a  refined  dispersion  of  small  particles  which  have  been 
identified  as  Be  using  selected  area  diffraction  and  dark-field  Imaging.  One  of 
these  dark-field  micrographs  recorded  using  the  lSlO  reflection  of  Be  (as 
Indicated)  Is  shown  In  Fig.  17  (a  and  b).  It  may  be  noticed  that  only  a  few  of 
the  particles  are  In  contrast  In  the  dark-field  micrograph  (Fig.  17b).  Although 
this  observation  may  Imply  an  absence  of  an  orientation  relationship.  It  has  been 
determined  elsewhere^8)  that  up  to  six  such  relationships  exists.  Therefore, 
only  those  particles  exhibiting  one  of  the  six  relationships  will  be  visible  In 
Fig.  17b.  In  addition  to  these  mlcrostructural  features,  there  are  some  hetero¬ 
geneities  within  the  cells  which  may  be  distinguished  (Fig.  16).  These  defects 
appear  to  be  either  faulted  or  perfect  prismatic  dislocation  loops  and  this  Is 
confirmed  by  the  detailed  analysis  given  In  Fig.  18  for  the  fringed  defects,  and 
Fig.  19  for  the  perfect  loops.  The  nature  of  each  of  the  two  types  of  loops  have 
been  determined  by  noting  the  sense  of  the  change  of  image  position  on  reversal 
of  the  sign  of  the  diffracting  vector^9),  after  ensuring  that  the  orientations  of 
the  non-edge  loops  were  In  a  'safe'  region^0).  The  results  of  the  experiment 
are  shown  In  Fig.  18  (c,d)  and  19  (c,d)  and  In  both  cases  are  consistent  with  the 
loops  being  vacancy  In  nature.  It  seems  reasonable  to  assume  that  a  super¬ 
saturation  of  vacancies  Is  retained  during  the  Initially  rapid  rate  of  cooling 
associated  with  melt-spinning,  and  that  these  excess  defects  cluster  to  form 
loops  during  the  slower  rate  of  cooling  which  occurs  at  the  end  of  the  process. 
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It  Is  of  Interest  to  determine  whether  a  supersaturation  of  Be,  greater  than 
the  maximum  solid  solubility  Indicated  In  the  phase  diagram,  had  been  produced  In 
the  matrix  regions  of  these  rapidly  cooled  ribbons.  This  has  not  been  possible 
to  do  In  a  quantitative  manner  because  of  the  difficulties  associated  with  the 
detection  of  Be  on  a  fine  scale  (l.e.  the  need  to  use  electron  energy  loss 
spectroscopy).  However,  In  way  of  a  comparison  with  conventionally  processed 
material,  samples  were  heat-treated  for  30  mins  at  300°C  to  cause  precipitation 
of  the  Be  which  may  have  been  supersaturated  during  the  rapid  cooling.  The 
results  of  this  heat-treatment  are  shown  In  the  WBDF  micrograph  of  Fig.  20. 
Clearly  visible  Is  a  refined  distribution  of  small  particles,  which  are  assumed 
to  be  Be.  There  appears  to  be  a  greater  volume  fraction  of  precipitates  formed 
In  this  case  compared  to  that  of  the  solution-treated  and  similarly  aged  alloys 
(Fig.  14),  although  It  must  be  emphasized  that  this  has  not  been  quantitatively 
established. 

The  microstructure  typical  of  that  of  the  Al-5.8Be  ribbon  is  shown  In  Fig. 
21.  In  the  main,  there  Is  a  refined  distribution  of  small  particles  with 
diameters*  50  A  and  interparticle  spacing  of  -  200  A  within  a  matrix  of  a-Al. 
Again,  selected  area  diffraction  and  dark-field  imaging  have  been  used  to  reveal 
that  these  particles  are  Be,  an  example  of  one  of  the  dark-field  Images  being 
shown  In  Fig.  22.  In  addition  to  these  small  particles,  there  are  a  few  larger 
precipitates  (=  200-300  A  in  diameter),  also  of  Be.  There  is  some  evidence  of  a 
zone,  denuded  of  the  smaller  particles,  surrounding  each  of  these  larger 
precipitates. 

There  Is,  then,  an  Interesting  variation  In  the  microstructure  of  these  two 
melt-spun  alloys  which  Is  not  easily  explained  on  the  basis  of  the  equilibrium 
phase  diagram.  Thus,  predictions  on  the  basis  of  equllbrlum  conditions  would 
suggest  the  formation  of  pro-eutectic  dendrites  of  Be,  similar  to  that  shown  in 
Fig.  13.  In  fact,  the  microstructure  changes  from  one  involving  a  cellular 


14 


Morphology  with  a  refined  dispersion  of  precipitate!  In  the  Intercellular  regions 
to  another  exhibiting  a  moderately  uniform  and  refined  precipitation  throughout 
the  cells,  and  presumably  these  are  a  consequence  of  the  rapid  extraction  of  heat 
associated  with  melt-spinning.  Recently,  It  has  been  shown  that  an  Important 
parameter  affecting  phase  formation  and  mlcrostructural  development  In  rapidly 
solidified  alloys  Is  the  degree  of  undercooling  achieved  prior  to 
nucleatW11*12).  In  the  case  of  melt-spinning  of  A1-N1  alloys  It  was  found 
that  a  liquid  undercooling  of  •  150-200  K  may  be  achieved  during  melt- 
spinning^).  The  microstructure  of  the  most  dilute  alloy  In  the  present  study 
Is  consistent  with  undercooling  of  the  liquid  prior  to  nucleatlon  below  the 
extended  a-A1  llquldus  so  thata-Al  might  then  be  the  first  solid  to  form. 
However,  It  Is  not  clear  wby  Increasing  the  solute  concentration  by  such  a  small 
amount  In  the  present  case  would  yield  anything  but  a  similar  microstructure  and 
It  Is  concluded  that  the  formation  of  these  structures  may  not  be  explained 
satisfactorily  on  this  basis. 

It  Is  important  to  consider  other  possible  meta stable  phase  reactions  that 
might  occur  when  hyper-eutectic  liquids  are  undercooled.  Perepezko  and 
Boettlnger^®)  have  suggested  that  for  an  equilibrium  system  with  an  eutectic 
reaction.  Involving  limited  solubility  and  a  llquldus  exhibiting  a  point  of 
Inflection,  It  Is  possible  for  a  miscibility  gap  to  form  In  the  liquid  which  has 
been  undercooled.  In  fact,  metastable  Immlscibll Ity  for  undercooled  liquids  has 
been  demonstrated  by  Nakagawa^14)  In  the  Cu-Fe  and  Cu-Co  alloy  systems,  where  the 
equilibrium  transformations  involve  a  perltectic  reaction.  A  schematic  meta¬ 
stable  phase  diagram  suggested  previously^  is  shown  In  Fig.  23.  (For  the  sake 
of  clarity,  reactions  occurring  on  the  metastable  diagram  will  be  denoted  In  the 
following  text  in  bold  print.)  As  can  be  seen,  for  dilute  compositions  a 
■owotectlc  reaction  would  be  predicted  for  undercooled  liquids.  This  prediction 
can  then  be  used  to  explain  the  variation  In  microstructures  observed  In  melt- 


spun  Al-4.4Be  and  A1-S.8B«  alloys.  Thus,  It  appears  that  the  alloy  containing 
5.88e  Is  at  or  close  to  the  momotactlc  reaction  Itself  since  Its  microstructure 
consists  of  a  refined  and  uniform  distribution  of  Be  particles.  In  this  case, 
the  more  dilute  alloy  (4.4  Be)  corresponds  to  an  typo  monotectlc  composition. 
Using  a  simple  extrapolation  of  thea-A1  llquldus  to*  5.8  Be,  yields  a 
monotectlc  temperature  of*  625*C.  The  undercoolings  expected  to  occur  during 
melt-spinning  would  cause  both  alloys  to  be  cooled  to  a  temperature  below  the 
monotectlc.  For  the  dilute  alloy,  a  cellular  structure  based  ona-Al  Is  expected 
to  form  with  the  liquid  In  the  Intercellular  regions  undergoing  the  monotectlc 
reaction  when  Its  composition  corresponds  to  coupled  growth.  The  products  of 
such  a  reaction  may  be  Initially  tubes  of  l2  (the  liquid  product  of  the 
monotectlc  reaction),  and  therefore  rods  of  Be,  or  present  In  the  form  of  small 
discrete  particles.  The  type  of  microstructure  which  forms  depends  on  several 
factors  and  these  have  been  discussed  by  Grugel  and  Hellawell ^15^.  In 
particular,  as  the  growth  velocity  Increases,  there  is  a  tendency  for  the  tubes 
of  t2  to  be  'plnched-off'  to  form  discrete  particles.  This  factor  Is  Important 
In  the  present  case  since  Interface  velocities  are  expected  to  be  high  In 
undercooled  liquids.  Therefore,  the  present  observations  are  considered  to  be 
consistent  with  the  products  of  a  monotectlc  reaction. 

If  Indeed  a  metastable  monotectlc  reaction  exists  for  the  case  of  under¬ 
cooled  liquids.  It  should  be  possible  to  melt-spin  more  concentrated  hyper- 
monotectlc  alloys  and  show  the  presence  of  the  pro-monotectlc  reaction.  It  Is 
Important  that  the  alloy  composition  be  chosen  such  that  undercooling  Into  the 
region  of  miscibility  occurs.  It  Is  necessary,  therefore,  to  estimate  the  height 
of  the  miscibility  gap  by  calculating  the  approximate  value  of  a,  which  describes 
the  temperature  difference  between  the  maximum  In  the  region  of  liquid 
Immlsclbll Ity  and  the  equilibrium  llquldus  at  that  composition  (assumed^  to  be 
given  by  XAj  «  0.5,  where  XA1  Is  the  atom  fraction  of  Al).  This  may  be 


calculated  following  the  method  described  by  Perepezko  and  Boettlnger^. 


Thus,  a  Is  given  by 
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where  Lg  Is  the  latent  heat  of  fusion  for  the  formation  of  Be,  R  Is  the  gas 
constant,  Tc  Is  the  consolute  temperature  of  the  miscibility  gap,  and  TL  Is  the 
llquldus  temperature.  When  the  relevant  data  for  the  Al-Be  system,  (Lg  *  2919 
cal .K"1 .mole"1 ^ 16 ^)  Is  substituted  Into  equation  (1),  It  Is  found  that  a  *  60K. 
Using  this  value,  other  data  from  the  equilibrium  phase  diagram,  and  assuming^ 
the  consolute  miscibility  temperature  occurs  at  X^-j  «  0.5,  It  Is  possible  to 
sketch  a  metastable  phase  diagram  for  the  system  Al-Be.  This  is  shown  In  Fig.  24. 

From  a  consideration  of  this  diagram  (Fig.  24)  for  melt-spinning  of  Al- 
20.0Be,  It  Is  expected  that  phase  separation  will  occur  within  the  miscibility 
gap  (Lj+  L2)  as  soon  as  the  temperature  is  lowered  below  that  of  the  splnodal 
point.  In  the  particular  case  considered  here,  will  form  a  continuous  liquid 
while  L2  will  be  present  Initially  as  a  series  of  discreet  droplets.  From  an 
analogy  with  the  behavior  of  Immiscible  liquids  studied  elsewhere^),  it  Is 
expected  that  these  small  discreet  particles  will  tend  to  coalesce.  The  extent 
to  which  such  coalescence  occurs  will  depend  on  the  cooling  rate  since  fast  rates 
of  heat  extraction  will  inhibit  this  coarsening  behavior.  The  microstructure  of 
alloys  of  hyper-monotectlc  composition  are  expected  then  to  be  sensitive  to 
cooling  rate  and  to  demonstrate  this  effect,  melt-spun  ribbons  of  Al-20.0Be  were 
processed  using  two  different  heat  extraction  rates.  A  general  view  of  the 
microstructure  of  melt-spun  ribbon  of  A1-20.0Be  processed  by  using  a  silica-glass 
crucible  and  Introducing  He  at  the  beginning  of  the  melt-spinning  run  (the  slower 
of  the  two  rates  of  heat-extraction)  Is  shown  In  Fig.  25.  At  higher 
magnification.  It  can  be  seen  that  the  microstructure  consists  of  a  blmodal 


distribution  of  particles.  Fig.  26  (a  and  b).  While  the  matrix  phase  Is  based 
ona-A1,  the  smaller  particles  resemble  those  shown  In  Fig.  21;  Indeed  SAD 
studies  reveal  that  these  particles  are  Be.  The  larger  precipitates,  on  the 
scale  of  •  0.1-0.15  ym  In  size,  may  also  be  identified  uniquely  as  Be  by  using 
micro-diffraction  techniques.  Thus,  a  SAD  pattern  recorded  from  one  of  the  large 
particles  with  the  electron  beam  aligned  parallel  to  [l2l0]  Is  shown  In  Fig. 

27.  The  diffraction  maxima  may  be  Indexed  on  the  basis  of  Be.  It  Is  concluded 
that  this  microstructure  consists  of  a  bl modal  distribution  of  Be  particles. 

When  one  of  the  larger  particles  Is  examined  In  detail.  Fig.  28,  contrast 
features  similar  to  very  small  precipitates  may  be  distinguished.  If  this  same 
large  particle  Is  Imaged  In  dark-field  with  the  Be  1010  diffraction  vector 
excited,  these  very  small  precipitates  are  clearly  visible  (Fig.  28).  They  are 
about*  30  A  In  size  and  In  this  projection  exhibit  approximately  square  cross- 
sections.  It  was  not  possible  to  observe  any  extra  Intensity  maxima  In  the 
diffraction  patterns  corresponding  to  this  phase.  The  microstructure  of  ribbons 
processed  at  the  more  rapid  rate  of  heat  extraction  (using  a  graphite  crucible 
and  an  atmosphere  of  He)  Is  shown  In  Fig.  29  (a  and  b).  As  can  be  seen,  there  Is 
a  smaller  number  of  large  particles  and  a  significantly  Increased  number  of  small 
particles. 

These  various  observations  of  the  microstructure  of  melt-spun  Al-20.0Be  may 
be  Interpreted  readily  on  the  basis  of  the  metastable  monotectlc  reaction.  Thus, 
as  the  temperature  of  the  rapidly  cooled  liquid  Is  lowered  below  the  splnodal 
point  for  this  composition,  phase  separation  occurs,  l.e.  L  ♦  li+L2.  0°  further 
cooling  the  proportion  of  L2  Increases  until  the  monotectlc  temperature  Is 
reached.  At  this  point,  the  remaining  liquid  Lj  transforms  cooperatively  too-Al 
ana  l2.  Eventually,  the  liquid  l2  solidifies  by  an  eutectic  reaction  Involving 
a-A1  and  Be.  On  this  basis,  the  origin  of  the  blmodal  distribution  of  particles 
observed  In  Fig.  26  may  be  understood  by  speculating  that  the  larger  particles 


are  the  result  of  the  pro  monotectlc  reaction,  whereas  the  smaller  precipitates 
are  formed  during  the  monotectlc  reaction  Itself.  It  may  be  expected  that  In  the 
ribbon  produced  at  slower  rates  of  heat  extraction,  the  pro  monotectlc  particles 
will  be  large  since,  as  mentioned  above,  coalescence  of  droplets  may  occur.  It 
may  be  noted  (Fig.  26)  that  the  larger  particles  tend  to  possess  Irregular  shapes 
and  this  Is  certainly  consistent  with  the  notion  of  droplet  coalescence.  More 
convincing  evidence  for  droplet  coalescence  Is  shown  In  Fig.  30.  In  the  case  of 
the  ribbon  produced  at  higher  rates  of  heat  extraction  (Fig.  29),  the  extent  to 
which  coalescence  may  occur  Is  expected  to  be  limited  klnetlcally.  In  this  way. 
It  Is  possible  to  understand  the  presence  of  a  decreased  number  of  larger 
particles  and  an  Increased  number  of  smaller  particles. 

It  Is  tempting  to  account  for  the  observation  of  extremely  small 
precipitates  contained  within  the  large  Be  particles  on  the  basis  of  the 
reaction  (which  would  be  expected  to  occur  as  the  pro-monotecttc  L2 
solidifies).  In  this  case,  the  very  small  precipitates  would  bea-Al  but  this 
has  not  been  determined  experimentally.  For  example,  no  extra  diffraction 
Information  from  these  precipitates  could  be  obtained;  however,  their  volume 
fraction  Is  extremely  small  and,  therefore,  this  result  is  not  surprising.  The 
following  Indirect  evidence  may  be  offered  to  support  the  assumption  concerning 
their  Identity.  Thus,  it  may  be  noted  that  their  shapes  approximate  to  square 
cross-sections  In  the  projection  given  In  Fig.  28.  This  Implies  some  sharing  of 
symmetry  elements^1®),  and  when  both  the  point  groups  of  each  phase  (A1  and  Be) 
and  possible  lattice  matching  are  considered  the  following  element  of  the 
orientation  relationship  may  be  suggested; 


In  this  case,  a  common  2/m  symmetry  axis  Is  shared,  which  Is  consistent  with  the 
observed  particle  shape,  and  the  Interplanar  spaclngs  are  1.98  A  and  4.05  A  (Al). 
If  this  orientation  relationship  Is  correct,  then  the  1010^  and  200^ 
diffracting  vectors  will  both  be  contained  within  the  objective  aperture  so  that 
during  dark-field  Imaging  such  as  In  Fig.  28,  the  Al  particles  will  be  clearly 
visible.  This  Is  at  least  consistent  with  the  present  argument.  Alternatively, 
these  very  small  phases  may  be  BeO,  since  the  Interplanar  spacing  of  the{10fl} 

In  this  material  Is  2.06  A.  Using  the  same  argument  as  above.  If  one  set  of 
these  planes  were  parallel  to  the{10l0)  In  Be,  both  types  of  crystal  would  be 
visible  In  the  dark-field  Image  of  Fig.  28.  However,  this  Is  not  considered  to 
be  as  satisfactory  an  explanation  as  that  Involving  a-A1  since  there  Is  no  common 
symmetry  element  shared  when  these  particular  planes  of  BeO  and  Be  are  parallel 
to  one  another. 
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Fig.  2  Phase  diagram  of  the  Al-rlch  part  of  the  A1-N1  binary  system.  Also 
shown  are  the  extended  -A1  llquldus  and  asymmetric  coupled  growth 
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Fig.  13  Secondary  electron  micrograph  of  the  cast  alloy  Al-20.0Be.  The 

microstructure  consists  of  large  dendrites  of  Be  In  an  eutectic  mixture 
of  A1  and  Be.  The  sample  was  prepared  electrochemlcally  by  etching  In  a 
solution  of  methanol-20%  nitric  acid. 
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Fig.  15  Bright  field  electron  micrograph  of  the  melt~spun  Al-4.4Be  alloy. 

The  area  observed  is  near  the  wheel  side.  The  microstructure  consists 
of  primary  A1  cells  with  an  Intercellular  precipitate. 


(a)  Bright  field  electron  micrograph  of  the  melt-spun  Al-4.4  Be 
alloy.  The  grain  observed  consists  of  three  subcells  with 
Intercellular  precipitates,  (b)  Corresponding  weak  beam  dark  field 
(g/3g)  Image.  Two  types  of  defects,  faulted  and  perfect  dislocation 
loops,  are  observed  In  the  Intracellular  regions. 


Fig.  19  Analysis  of  the  perfect  defects,  (a)  and  (b)  are  WBDF  images  (g/3g, 

B  =  [001]  and  g/3g,  B_  -  [101])  which  show  that  the  defect  marked  A 

[visible  in  c  and  d)  is  out  of  contrast  for  the  reflecting  vectors  • 

indicated;  therefore  b_ =  t  a/2  [Oil],  (c)  and  (d)  are  WBDF  images 

(g/2g,  B  *  [111])  showing  the  effect  of  reversing  the  sign  of  g.  The 

defect  marked  A  exhibits  outside  contrast  for  g  =  20?,  so  that = 

a/2  [Oil].  The  defect  is  then  vacancy  in  nature. 


Fig.  20  Weak  beam  dark  field  electron  micrograph  of  the  Al-4.4Be  ribbon  which 
was  heat  treated  for  30  min.  at  300°C.  Direct  comparison  with  figure 
14b  suggests  that  extended  solutions  of  Be  may  be  obtained  by  rapid 
solidification. 


Fig.  23  Schematic  phase  diagram  showing  the  presence  of  a  submerged 

metastable  liquid  miscibility  gap  and  the  resultant  monotectlc 
reaction. 
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Fig.  24  The  A1  rich  side  of  the  AT -Be  diagram  with  the  suggested  metastable 
monotec tic  reaction  represented  by  the  dashed  lines. 


I  b)  Bright  field  electron  micrographs  of  the  A1 -20.08#  alloy 
In  Fig.  25.  The  large  Irregular  shaped  particles  represent  the 
promonotectlc  L2  liquid.  The  finer  precipitates  are  produced 
the  monotectlc  reaction. 


Bright  field  electron  micrograph  of  a  promonotectlc  Be  particle. 
Corresponding  dark  field  Image  (g  ■  1010  Be)  showing  the  presence 
second  reaction  product  within  the  Be  particle. 


ght  field  electron  micrographs  showing  the  i 
produced  at  the  higher  heat  extraction  rate 
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Fig.  30  Bright  field  electron  micrograph  showing  the  coalescence  of  the  pro- 
monotectlc  Lg  phase  In  the  A120.0Be  alloy  produced  at  the  slower  heat 
extraction  rate. 
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3.  PROCESSING  OF  ZONE  A  HICROSTRUCTURES 

As  pointed  out  In  the  Introduction,  It  was  shown  during  the  first  year's 
work  that  the  optimum  strengthening  effect  In  rapidly  solidified  alloys  based 
on  Al-8Fe*  Is  associated  with  the  presence  of  a  zone  A  microstructure  which 
possesses  an  extremely  refined  precipitation  of  a  meta stable  Intermetal  11c 
compound  at  the  Intercellular  regions.  So  that  bulk  pieces  may  be  produced 
with  optimized  mechanical  properties.  It  Is  necessary  to  develop  methods  for 
the  fabrication  of  particulate  whose  entire  microstructure  may  be  described  as 
zone  A.  In  this  section,  results  of  experiments  aimed  at  the  production  of 
particulate  exhibiting  such  morphologies  are  described  and  discussed. 
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3.1  Rapidly  Solidified  Powders 

The  microstructures  of  rapidly  solidified  powders  of  Al-8Fe  and  Al-8Fe- 
2Mo  which  were  produced  by  centrifugal  atomization  locally  and  at  Pratt  and 
Whitney  (Government  Products  Division),  respectively,  are  shown  In  Fig.  31. 

It  Is  clear  from  these  optical  micrographs  that  both  types  of  powder  exhibit 
zone  A  and  zone  B  morphologies.  In  fact,  this  Is  a  common  observation  In 
rapidly  solidified  powders  of  various  composition  made  In  a  variety  of  ways. 
These  observations  can  be  explained  on  the  basis  of  the  model,  described 
above,  for  the  formation  of  the  two  types  of  morphology.  Thus,  it  Is  expected 
that  for  a  liquid  droplet  being  convectlvely  cooled  by  He  gas,  such  as  In  the 
RSR  process,  a  fairly  high  degree  of  undercooling  will  be  achieved  prior  to 
nucleatlon.  In  this  way,  a  zone  A  microstructure  may  form.  However,  as  the 
nuclei  grow,  latent  heat  of  fusion  will  be  liberated.  For  droplets  with 
diameters  >  2-3  ym,  the  rate  of  heat  extraction,  governed  by  the  heat  transfer 
coefficient,  Is  not  sufficiently  rapid  to  prevent  recalescence  from  occurring. 
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ton,  all  compositions  are  In  weight  %,  unless  otherwise  stated. 
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As  the  temperature  of  the  powder  Increases  above  the  extended  llquldus  where 
nucleatlon  and  growth  of  primary  a-A1  becomes  energetically  unfavorable,  zone 
morphologies  will  form.  For  this  reason,  It  Is  felt  that  when  using  powder 
fabrication  techniques  which  result  in  mean  particle  diameters  In  the  range 
50-200  pm,  It  Is  unlikely  that  a  significant  yield  of  powders  possessing  zone 
A  microstructures  will  be  obtained. 

3.2  Melt* Spun  Ribbons 

It  has  been  found  that,  under  certain  conditions,  melt-spinning  of  byper- 
eutectlc  A1  alloys  results  In  the  formation  of  ribbons  possessing  micro¬ 
structures  which  consist  entirely  of  zone  A.  These  conditions  are  as 
follows.  The  melt-spinning  chamber  Is  evacuated  to  •  10“^  torr  before  filling 
to  »  1  atm.  of  He.  The  melt  Is  placed  In  a  graphite  crucible  which  Is  also 
evacuated  before  Ar  gas  Is  admitted  Into  the  crucible.  Once  a  superheat  of 
•  50-100°C  Is  established,  the  pressure  of  the  Ar  gas  Is  Increased  to  force 
the  liquid  stream  onto  the  Cu  wheel  which  Is  rotating  at  a  surface  speed  of 
-  35  ms”*.  An  optical  micrograph  of  the  polished  and  etched  cross-section  of 
a  ribbon  of  Al-8Fe-2Mo  processed  in  this  manner  Is  shown  in  Fig.  32a.  As  can 
be  seen,  the  microstructure  exhibits  featureless  contrast,  typical  of  zone 
A.  In  way  of  confirmation  of  this,  a  transmission  electron  micrograph  of  this 
structure  Is  shown  In  Fig.  32b  and  this  Is  again  typical  of  zone  A  for  this 
alloy. 

It  Is  of  Interest  to  compare  the  microstructures  of  ribbons  produced  by 
melt-spinning  Into  He,  as  described  above,  and  those  produced  by  spinning  Into 
an  evacuated  chamber.  Scanning  electron  micrographs  of  both  types  of  ribbon 
are  shown  in  Fig.  33  (a,b,c,d).  As  can  be  seen,  the  surfaces  in  contact  with 
the  Cu  wheel  for  the  two  types  of  ribbon  are  fairly  similar  In  appearance, 
whereas  those  exposed  to  He  (Fig.  33a)  and  vacuum  (Fig.  33c)  are  somewhat 
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different.  Thus,  In  the  case  of  He,  the  surface  Is  rather  smooth  while  for 
the  vacuum  spun  ribbon  the  surface  has  a  rougher  appearance.  The  similarity 
In  the  appearance  of  the  ribbon  surface  In  contact  with  the  wheel  leplles  that 
the  presence  of  the  He  gas  had  little  or  no  effect  on  the  wetting  of  the 
substrate  by  the  molten  stream.  Thus,  the  Initial  rate  of  heat  extraction  In 
the  two  cases  (He  and  vacuum)  Is  expected  to  be  approximately  equal.  However, 
the  presence  of  the  He  has  a  marked  effect  on  the  topograph  of  the  surface  of 
ribbons  not  In  contact  with  the  quenching  substrate,  such  that  the  observa¬ 
tions  are  consistent  with  a  more  rapid  and  uniform  solidification  rate. 

When  the  microstructures  of  the  different  ribbons  are  examined  using  TEH, 
three  types  of  morphology  are  observed.  For  both  types  of  ribbon  (He  and 
vacuum  cast),  the  microstructures  of  material  found  near  to  the  surface  In 
contact  with  the  quenching  substrate  are  found  to  be  rather  similar. 
Comparisons  are  given  In  Fig.  34(a-f),  Including  selected  area  diffraction 
patterns.  In  the  case  of  He  cast  ribbons.  Fig.  34(a),  an  extremely  refined 
cellular  structure  Is  observed,  and  in  some  instances  there  Is  a  small  amount 
of  Intergranular  precipitation  of  AlgFe  (Fig.  34b).  Similar  types  of 
microstructures  are  produced  in  vacuum  cast  ribbons.  Fig.  34(d,e)  although  not 
on  such  a  refined  scale,  as  can  be  seen  In  the  micrographs  and  by  comparing 
the  diffraction  patterns  (Fig.  34(c,f)).  The  similarity  between  these 
microstructures  may  be  understood  In  terms  of  the  more  or  less  equally  rapid 
rate  of  heat  extraction  experienced  by  both  types  of  ribbon  during  the  Initial 
period  of  solidification  whereas  the  less  refined  scale  observed  In  the  vacuum 
cast  ribbon  may  be  attributed  to  a  small  but  significant  amount  of  heating 
resulting  from  recalescence  during  the  subsequent  solidification  process. 

In  the  He  cast  ribbon,  most  of  the  material  has  a  microstructure  similar 

to  that  shown  In  Fig.  35a.  This  consists  of  a  cellular  microstructure  based 

* 

ono-AI  with  a  refined  distribution  of  a  metastable  Intermetallic  compound.  A 


SAD  pattern  recorded  from  this  microstructure  Is  shown  In  Fig.  35b.  This 
microstructure  was  described  In  the  first  annual  report  and  originally  by 
Jonesd)  and  may  be  designated  as  zone  A.  In  contrast  to  this,  no  such  micro¬ 
structures  were  observed  for  the  case  of  the  vacuum  cast  ribbon.  In  fact, 
much  of  this  latter  ribbon  exhibited  a  morphology  similar  to  that  given  In 
Fig.  36.  This  microstructure  Is  much  coarser  than  those  shown  above  and 
consists  of  relatively  large  particles.  A  diffraction  pattern  taken  from  one 
of  the  larger  particles  Is  shown  In  Fig.  37.  and  this  may  be  Indexed  on  the  . 
basis  of  AlgFe;  the  majority  of  the  large  particles  are  In  fact  found  to  be 
AlgFe.  In  addition  to  these  particles,  there  are  a  smaller  number  of 
precipitates,  such  as  at  A  In  Fig.  36a,  whose  identity  has  not  been  determined 
at  the  present  time.  This  coarse  morphology  (Fig.  36)  Is  consistent  with 
solidification  occurring  at  a  temperature  above  the  extended  o-Al  llquldus, 
l.e.  zone  B,  the  temperature  rise  being  attributed  to  the  effects  of 
recalescence. 

The  main  reason  for  the  difference  between  the  microstructures  of  the  two 
types  of  ribbon  appears  to  Involve  the  role  of  He  In  Inhibiting  the  extent  of 
recalescence  during  solidification.  Thus,  In  both  cases,  the  microstructures 
which  form  first  are  Influenced  by  the  extremely  rapid  rate  of  heat  extraction 
which  results  when  the  liquid  melt  comes  Into  contact  with  the  wheel.  As 
solidification  continues,  latent  heat  of  fusion  Is  liberated;  some  of  this 
heat  will  be  conducted  away  through  the  substrate,  while  some  will  tend  to 
cause  the  temperatures  of  both  the  solid  already  formed  and  the  remaining 
liquid  to  Increase,  l.e.  recalesce.  Thus,  In  the  absence  of  any  further 
significant  means  of  extracting  heat  (l.e.  for  vacuum  cast  ribbon),  the  first 
solid  to  form  may  be  heat-treated  to  some  extent,  as  was  observed  (Fig. 
34(d,e),  and  the  temperature  of  the  liquid  may  rise  above  that  of  the  extended 
llquldus  so  that  zone  B  may  form  (Fig.  36).  In  way  of  contrast,  the  somewhat 


rapid  rate  of  heat  extraction  associated  with  the  presence  of  He  as  an 
additional  quenching  medium  may  reduce  the  effective  temperature  rise 
associated  with  recalescence.  In  this  way,  the  liquid  may  remain  undercooled 
below  the  temperature  of  the  extended  o-Al  llquldus  so  that  only  zone  A  micro¬ 
structures  result,  as  In  fact  Is  observed  (Fig.  35). 

In  summary.  It  seems  that  for  the  alloys  of  Interest  (l.e.  those  based  on 
the  binary  A1-8Fe),  melt-spinning  Into  an  atmosphere  of  He,  providing  the 
other  processing  parameters  are  set  as  described  above,  causes  zone  A  micro¬ 
structures  to  form.  Since  these  ribbons  may  be  extruded,  either  In  the  form 
of  ribbons  or  after  being  reduced  to  particulate,  at  temperatures  of  »  350- 
375*C  where  the  microstructures  are  expected  to  be  stable,  melt-spinning  Is 
evidently  a  very  attractive  process. 


3.3  Laser  Surface  He! ting 

Laser  surface  melting  has  been  used  as  a  means  of  producing  small  volumes 
of  rapidly  solidified  materials.  It  has  been  well  established  that  rapid 
solidification  will  accompany  surface  melting  when  using  a  laser  providing  a 
deep  penetration  of  the  sample  Is  avoided.  In  the  present  work,  for  almost 
all  compositions  examined,  zone  A  microstructures  were  produced.  An  example 
of  the  zone  A  formed  In  A1-6.0N1  (at.%)  and  Al-8Fe-2Mo  (wt.%)  are  shown  in 
Figs.  3  and  38,  respectively.  In  the  most  concentrated  alloy  studied  In  the 
A1-N1  system  (8.0at.t)  bands  of  zone  B  were  observed  In  the  melt-pool,  as 
shown  In  Fig.  39,  although  again  most  of  the  rapidly  solidified  material 
exhibited  a  zone  A  morphology. 

In  section  2,  a  model  for  the  formation  of  rapidly  solidified  micro¬ 
structures  was  presented  which  Involved  undercooling  below  the  extended  «-Al 
llquldus  and  a  rapid  rate  of  heat  extraction  to  inhibit  recalescence.  This 
Interpretation  of  the  microstructure  of  laser  surface  melted  alloys  Implies 


that  a  substantial  degree  of  liquid  undercooling  can  be  achieved,  while 
generally  It  has  been  considered  that  the  temperature  gradient  Is  positive 
ahead  of  an  advancing  Interface  when  regrowth  occurs.  Although,  at  first.  It 
nay  appear  that  these  two  notions  are  Inconsistent,  this  Is  In  fact  not  the 
case  since  the  undercooling  that  Is  achieved  during  regrowth  has  a  kinetic 
origin.  Thus,  heat  is  extracted  at  a  very  rapid  rate  through  the  cold 
substrate  (l.e.  base  netal)  and  this  causes  the  tenperature  to  drop  at  the 
solid/liquid  Interface.  The  Interface  will,  of  course,  begin  to  propagate 
Into  the  liquid  at  an  Increasing  rate,  but  It  Is  suggested  that  the  rate  of 
regrowth  Is  Insufficient  to  respond  to  the  rate  of  heat  extraction.  In  this 
way,  a  kinetic  undercooling  may  be  developed  at  the  Interface.  The  amount  of 
undercooling  developed  will  depend  on  the  thermal  conductivity  of  the  metal 
Involved,  and  since  this  Is  a  significant  quantity  In  A1  alloys,  the  under¬ 
cooling  which  may  be  achieved  Is  thought  to  be  large.  For  this  reason,  the 
microstructures  of  A1  alloys  obtained  In  LSM  and  MSR  are  expected  to  be  rather 
similar.  This  has  been  found  to  be  the  case,  as  Is  evident  when  the  micro- 
structures  presented  In  Figs.  38  and  3  for  LSM  of  Al-8Fe-2Mo  (wt.X)  and  Al- 
6.0N1  (at.X)  are  compared  with  those  of  the  same  alloys  produced  by  MSR,  shown 
In  Figs.  35  and  40,  respectively .  These  results  are  in  contrast  to  those 
obtained  for  LSM  and  MSR  of  T1-S1  alloys.  In  this  particular  case,  the 
thermal  conductivity  Is  relatively  low  and  so  the  degree  of  kinetic  under¬ 
cooling  will  be  necessarily  limited.  This  Is  found  to  be  the  case,  and  the 
microstructures  In  these  particular  alloys  obtained  by  LSM  and  MSR  are  not 


Fig.  33  Scanning  electron  micrographs  of  Al-8Fe-2Mo  a,b)  ribbon  made  In  He  and 
c,d)  ribbon  made  In  vacuum.  a,c)  are  top  surfaces  and  b,d)  are  bottom 
or  wheel  side  surfaces  of  the  particular  types  of  ribbon. 


3  Scanning  electron  micrographs  of  »1-8Fe-91o  a,h)  ribbon  made  In  He  and 
c,d)  ribbon  made  In  vacuum.  a,c)  are  top  surfaces  and  b,d)  are  bottom 
or  wheel  side  surfaces  of  the  particular  types  of  ribbon. 
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Fig.  34  d)  Transmission  electron  micrograph  of  ribbon  of 
*  vacuum  which  contains  coarser  particles  than  the  ribbon  made  in  He. 

Compare  to  Fig.  34a. 
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Fig.  34  e)  Transmission  electron  micrograph  of  ribbon  of  Al-8Fe-2Mo  made  in 
vacuum  which  has  coarser  particles  compared  to  those  In  the  ribbon 
made  In  He.  Compare  this  to  Fig.  34b.  f)  SAD  pattern  which  consists 
almost  entirely  of  discrete  maxima.  The  Intercellular  phase  that  gave 
rise  to  rings  In  34c)  has  decomposed  and  coarsened  so  that  only  spots 
are  seen. 
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Fig.  35  a)  Transmission  electron  micrograph  of  another  zone  A  morphology  In 
Al-8Fe-2Mo  which  Is  observed  most  commonly  In  the  ribbon  made  In  He. 
b)  SAO  pattern  of  the  above  structure. 


Fig.  36  a)  Transmission  electron  micrograph  of  the  top  surface  of  ribbon  of  • 

Al-8Fe-2Mo  made  In  vacuum,  b)  SAD  pattern  of  the  above  structure. 
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4.  HICROSTRUCTURES  Of  RAPIDLY  SOLIDIFIED  ALLOYS  BASED  ON  THE  Al-Fe  SYSTEM 
During  the  first  year's  work,  a  comparison  was  made  between  the  micro* 
structures  of  Al-8Fe-2Mo  and  A1-7.9Fe-2.9Ce  (compositions  In  wt.f)  when 
rapidly  solidified  using  LSM.  These  compositions  were  chosen  such  that,  while 
they  approximate  to  those  of  alloys  of  commercial  Interest,  the  atomic 
concentrations  of  the  solute  species  are  equal  and  the  ratio  of  Fe  to  the 
other  solute  element  Is  kept  constant.  It  was  found  that  although  the  micro¬ 
structures  were  both  based  on  an  A1  cellular  morphology,  the  Ho  containing 
alloy  was  characterized  by  a  finer  dispersion  of  a  metastable  Intermetal 11c 
phase  at  the  Intercellular  regions.  The  Ce  alloy  contained  not  only  this 
metstable  phase  but  also  a  second  type  of  precipitate  which  was  tentatively 
Identified  as  an  oxide.  On  annealing  samples  which  had  been  melted  using  the 
laser.  It  was  found  that  the  No  containing  alloy  was  considerably  more 
resistant  to  mlcrostructural  decomposition  than  the  alloy  with  Ce  additions. 
During  the  second  year's  work,  the  microstructures  of  these  same  alloys 
produced  by  melt-spinning  Into  He  were  studied  so  that  It  might  be  established 
whether  these  samples  responded  In  a  similar  fashion  to  those  made  by  laser 
processing.  In  addition,  attempts  were  made  to  substitute  Ho  with  other 
elements.  This  was  done  for  the  following  two  reasons.  Firstly,  the 
Increased  stability  discussed  above  appears  to  be  due  to  the  Influence  of  Mo 
on  the  dlffuslvlty  In  A1 .  The  origin  of  this  effect  Is  not  well  understood 
but  It  Is  known  that  Ho  Itself  diffuses  very  slowly  In  Al.  Zr  diffuses  even 
more  slowly  than  Ho,  so  an  alloy  containing  Zr  In  the  place  of  Mo  was  reduced 
to  melt-spun  ribbon  to  establish  whether  this  would  result  In  a  greater  degree 
of  thermal  stability.  The  rapidly  solidified  microstructure  and  that 
following  heat- treatment  at  400°C  have  been  studied  and  the  results  are 
presented  below.  Also,  It  appears  that  the  addition  of  V  can  be  advantageous 
to  Al  alloys^19),  and  so  an  alloy  containing  V  In  the  place  of  Mo  was  also 
prepared  and  studied  as  described  above;  these  results  are  presented  below. 
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4.1  Melt-Spun  Ribbons  of  Alloys  Containing  Mo  or  Ce 

Melt-spun  ribbons  of  the  alloys  Al-8Fe-2Mo  and  Al-7.9Fe-2.9Ce  were 
prepared  using  the  conditions  described  above  for  the  optimum  rate  of  heat 
extraction.  Two  types  of  microstructure  are  observed  In  the  case  of  the  Mo 
containing  alloy,  which  have  been  shown  above  In  Figs.  36  (atb)  and  35.  The 
microstructure  of  the  Ce  containing  alloy  Is  shown  In  Fig.  41a  and  a  SAD 
pattern  Is  presented  In  Fig.  41b.  As  can  be  seen,  the  structure  Is  found  to 
be  cellular,  but  not  on  as  fine  a  scale  as  that  In  the  Mo  alloy.  This  Is 
further  demonstrated  by  considering  the  diffraction  pattern  In  Fig.  41c. 

Here,  the  rings  of  diffracted  Intensity  produced  by  the  Intercellular 
precipitates  are  markedly  less  diffuse  and  somewhat  discontinuous  when 
compared  with  those  In  Figs.  34c  and  35,  Indicating  a  somewhat  larger  and  less 
randomly  oriented  set  of  precipitates.  These  are  essentially  the  same  results 
as  obtained  with  LSM,  except  that  the  microstructure  of  the  Ce  alloy  Is 
somewhat  coarser  In  the  case  of  MSR.  Heat-treatment  of  the  melt-spun  ribbons, 
at  400°C  for  4  hours,  also  gives  the  same  results  as  those  observed  In  the 
case  of  LSM,  l.e.  the  Mo  containing  alloy  exhibits  a  greater  degree  of 
resistance  to  decomposition  than  the  Ce  alloy.  The  results  of  such  annealing 
on  the  melt-spun  ribbon  of  the  alloys  containing  either  Mo  or  Ce  are  shown  In 
Fig.  42.  Apart  from  some  possible  growth  of  the  AlgFe  found  at  the 
Intergranular  regions,  the  microstructure  of  the  Mo  alloy  appears  to  be 
unaltered,  as  can  be  seen  from  the  Image  and  diffraction  pattern. 


4.2  Microstructures  of  Al-8Fe-1.9Zr  and  Al-8.1Fe-l.lV 
As  stated  above,  the  reason  for  substituting  Zr  for  Mo  Involved  the 
smaller  value  of  dlffuslvlty  In  A1  exhibited  by  Zr  compared  to  Mo.  Thus,  If 
the  resistance  to  coarsening  observed  In  Mo  containing  alloys  Is  due  to  the 
slow  diffusion  of  Mo,  then  an  even  greater  resistance  would  be  expected  from 


alloying  with  Zr.  The  microstructure  and  a  SAD  pattern  of  melt-spun  ribbons 
of  the  Zr  containing  alloy  are  shown  In  Fig.  43  (a,b),  and  appears  to  be 
rather  similar  to  that  of  the  No  alloy,  c.f.  Fig.  35.  Following  heat- 
treatment  at  400*C  for  4  hours,  marked  decomposition  Is  observed.  Fig.  44. 

This  alloy  does  not  exhibit  any  Improved  resistance  to  decomposition  compared 
with  the  binary  (A1-9.2Fe)  (whose  behavior  was  discussed  In  the  first  annual 
report).  It  Is  concluded  than  that  Zr  does  not  act  In  the  same  way  as  No.  A 
possible  explanation  for  this  effect  Involves  the  atomic  size  of  Zr  as 
represented  by  the  closest  distance  of  approach.  It  was  noted  last  year  that 
the  difference  In  behavior  between  No  and  Ce  may  have  been  due  to  the  fact 
that  whereas  the  closest  distances  of  approach  of  both  Fe  (2.482  A)  and  No 
(2.7253  A)  are  less  than  that  of  A1  (2.8636  A),  the  corresponding  value  for  Ce 
(3.6488  A )  Is  much  larger.  It  was  postulated  that  the  relatively  small  amount 
of  Ce  trapped  In  the  A1  cells,  measured  using  energy  dispersive  x-ray 
spectroscopy  (EDS)  In  combination  with  scanning  transmission  electron 
microscopy  (STEM),  was  due  in  part  to  this  difference  of  atomic  sizes.  Zr  has 
a  closest  distance  of  approach  of  3.1790  A ,  which  again  Is  somewhat  larger 
than  that  of  Al.  Therefore,  the  amount  of  Zr  trapped  In  the  cells  might  also 
be  small  and  so  the  ability  of  Zr  to  reduce  the  dlffuslvlty  In  these  regions 
would  be  necessarily  limited.  In  fact,  the  concentration  of  Zr  in  these 
regions  has  not  yet  been  determined  experimentally. 

Finally,  as  mentioned  above  melt-spun  ribbons  of  Al-8.1Fe-l.lV  were 
produced.  The  microstructure  of  most  of  the  material  rapidly  solidified  In 
this  way  consists  of  the  cellular  morphology  typical  of  zone  A.  An  example  Is 
shown  together  with  a  SAD  pattern  In  Fig.  45  (a,b).  This  microstructure  shows 
no  Increased  resistance  to  decomposition  when  heat-treated  at  400°C  when 
compared  to  the  binary  alloy. 
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An  Interesting  Microstructure  has  been  produced  by  melt-spinning  a 
quaternary  alloy  containing  Al-6.8Fe-2Mo-l.1V  and  Is  shown  In  Fig.  46  (a,b) 
with  a  SAD  pattern  being  presented  In  Fig.  46c.  This  morphology  Is  rather 
different  from  those  described  above  In  that  It  appears  that  the  cellular 
microstructure  has  been  replaced  by  one  Involving  a  refined  distribution  of 
small  precipitates  within  an  A1  matrix.  The  second  phase  appears  to  be  of  the 
same  nature  as  that  formed  In  the  cellular  microstructures,  as  can  be  seen 
from  the  SAD  In  Fig.  46c.  It  Is  tempting  to  speculate  that  this  structure  may 
be  the  result  of  coupled  growth  where  the  growth  velocity  of  the  Intermetalllc 
phase  Is  somewhat  slower  than  that  of  the  Al.  The  origin  of  this  micro¬ 
structure  Is  currently  under  Investigation.  When  heat-treated  at  400°C  for  4 
hours,  there  Is  no  detectable  change  In  the  microstructure  of  the  material. 
Fig.  47.  Again  the  presence  of  the  No  appears  to  Impart  extremely  significant 
resistance  to  thermal  decomposition  of  the  microstructure. 

4.3  Consolidation  and  Properties 

Because  of  the  emphasis  placed  on  understanding  the  development  of 
microstructures  In  these  rapidly  solidified  Al  alloys.  It  Is  only  recently 
that  work  has  commenced  on  the  production  of  bulk  pieces  of  material  from 
which  mechanical  test  pieces  may  be  machined.  However,  It  should  be  noted 
that  from  the  viewpoint  of  strength  and  ductility,  the  particulate  produced  In 
the  form  of  ribbons  exhibits  not  only  very  high  hardnesses  («  250  DPH)  but 
also  remarkable  ductility,  since  the  ribbons  can  be  repeatedly  bent  back  on 
themselves.  Therefore,  providing  the  consolidation  process  does  not  cause  the 
microstructure  to  decompose  significantly,  rather  promising  tensile  properties 
should  result. 


Regarding  consolidation.  It  appears  that  the  microstructures  of  the  Mo 
containing  alloys  are  rather  stable  up  to  temperatures  of  -  400°C.  Therefore, 
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It  Is  reasonable  to  assume  that  extrusion  at  temperatures  between  350-375*0 
may  be  employed  to  effect  consolidation  without  causing  significant  changes  In 
structure.  Preliminary  results,  while  resulting  In  partially  compacted 
material  because  an  unsatisfactory  extrusion  ratio  of  •  8:1  was  used,  revealed 
no  change  In  the  zone  A  microstructure  of  Al-8Fe-2Mo.  In  addition  to 
extrusion,  work  Is  still  In  progress  developing  dynamic  powder  compaction 
techniques  where  the  particulate  experiences  no  prolonged  thermal  excursions. 
Details  of  this  work  are  presented  below  In  section  6. 
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F1$-  42  Transmission  electron  micrograph  a)  and  SAO  pattern  b)  of  Al-8Fe-2Mo 
ribbon  that  has  been  annealed  for  4  hrs  at  400°C.  The  SAO  pattern 
still  has  strong  rings  coming  from  the  Intercellular  regions 
Indicating  little  decomposition.  The  phase  growing  at  the  grain 
boundaries  1$  Al*Fe. 
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44  Transmission  electron  micrograph  a)  and  SAQ  pattern  r? 


ribbon  made  In  He  and  annealed  for  4  hrs.  at  400*C. 
not  to  stabilize  the  zone  A  morphology. 
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Fig.  47  Transmission  electron  micrograph  of  Al-6.8Fe-2.0Mo-l.1V  ribbon  made 
He  that  has  been  annealed  for  4  hrs  at  400WC.  Note  the  lack  of  both 
decomposition  and  coarsening  of  the  particles. 


5.  METASTABLE  PHASE  FORMATION 


During  the  course  of  the  present  program,  a  number  of  metastable  phases 
have  been  formed  as  a  result  of  rapid  solidification.  For  example,  one  such 
phase  Is  that  which  precipitates  on  an  extremely  fine  scale  In  the  Inter¬ 
cellular  regions  of  alloys  based  on  Al-8Fe.  This  phase  remains  unidentified 
at  this  time,  primarily  because  of  the  small  size  of  the  particles  and  the 
lack  of  an  orientation  relationship  between  precipitate  and  the  matrix.  Two 
other  metastable  phases  have  been  observed  to  form  In  Al-Mn  and  Al-Mo  alloys 
when  rapidly  solidified  using  melt-spinning.  The  work  Involved  In  Identifying 
these  phases  Is  outlined  below. 

5.1  Al-Mn 

During  mlcrostructural  studies  of  rapidly  quenched  metals  and  alloys  many 
new  phases  are  found  which  are  not  present  under  equilibrium  conditions. 
Indeed,  Investigators  often  discover  metastable  precipitates  In  rapidly 
solidified  materials  which  generally  decompose  during  subsequent  heat 
treatment.  Such  phases  may  contain  high  concentrations  of  lattice  defects 
which  often  are  rearranged  Into  lower  energy  configurations.  Some  of  these 
arrangements,  such  as  mul tiply- twinned  configurations,  may  result  in  lowered 
surface  energy  In  smaller  particles. (20,21) 

In  many  cases^2-29)  ^  arrangement  0f  defects  In  precipitates  In 
rapidly  quenched  materials  can  lead  to  anomalous  effects  In  the  configuration 
of  and  diffraction  data  obtained  from  such  particles.  In  the  current  study, 
precipitates  which  exhibit  apparent  Icosahedral  (Ih)  symmetry  have  been 
observed  In  a  rapidly  solidified  Al-15wt%Mn  alloy. 

TEM  micrographs  of  typical  precipitates  are  given  In  Fig.  48.  The 
precipitates  are  oriented  such  that  their  5-fold  and  3-fold  symmetry  axes  (as 
determined  by  electron  diffraction)  are  approximately  normal  to  the  foil  In 
Figs.  48a  and  48b,  respectively.  As  can  be  seen  in  Fig.  48,  the  precipitates 


appear  as  large  stellated  particles*  with  the  Icosahedral  symmetry  of  the 
diffraction  data  reflected  In  the  particle  shape.  X-ray  energy  dispersive 
analysis  shows  the  preclpates  to  be  rich  In  Mn  (see  Fig.  49). 

Selected  area  diffraction  (SAO)  patterns  of  the  5-fold,  3-fold,  and 
2-fold  symmetry  zone  axes  of  the  precipitates  are  given  In  Fig.  50.  Also 
contained  In  Fig.  50  are  the  angles  between  these  various  rotational  symmetry 
axes  and  those  of  an  Icosahedron.  Comparison  between  the  measured  and 
calculated  angles  confirms  the  Icosahedral  symmetry  of  the  precipitates. 

Based  on  this  observed  Icosahedral  symmetry  In  the  dlffraclton  data,  a  model 
has  been  hypothesized  Involving  multiple  twinning  of  a  distorted  cubic 
crystal.  This  Is  Illustrated  In  Fig.  51.  The  faces  of  a  regular  Icosahedron 
are  considered  to  be  (111)  planes  of  twenty  twin-related  crystals.  The  twin 
planes  are  of  the  {111}  type,  so  that  the  Individual  crystals  are  tetra¬ 
hedral  ly  shaped.  If  the  cubic  crystal  Is  given  a  slight  rhombohedral 
distortion  (a  *  92.88°)  the  angles  between  the  {111}  planes  are  equal  to  72° 
and  the  twenty  {111}  tetrahedra  twinned  In  this  manner  will  construct  an 
Icosahedron. 

Because  of  the  complexity  of  this  model  with  respect  to  the  prediction  of 
diffraction  patterns,  a  series  of  computer  programs  were  written  to  perform 
the  following  tasks:  construct  a  three  dimensional  reciprocal  lattice  based 
on  a  given  set  of  lattice  parameters  and  extinction  conditions;  multiply  twin 
that  lattice,  each  new  crystal  being  twinned  with  respect  to  the  previous  one; 
plot  a  plane  of  the  reciprocal  lattice  (normal  to  any  given  real  space 
direction);  and  simulate  double  diffraction  both  within  Individual 
crystallites  and  between  crystallites.  Results  from  this  program  for  the 
[110]  direction  In  the  first  twin  are  shown  In  Fig.  52,  based- upon  a  distorted 
diamond  cubic  crystal  structure  (a  *  0.36nm)  Fig.  52a  shows  the  simulation  of 
the  diffraction  pattern  from  the  first  twin.  In  Fig.  52b,  the  contributions 


from  all  twenty  twins  are  shown.  Fig.  52c  shows  the  effect  of  double 
diffraction  on  the  simulated  pattern  and  Fig.  52d  shows  the  experimentally 
obtained  pattern.  Excellent  agreement  between  the  simulated  and 
experimentally  obtained  patterns  was  found  with  any  deviations  between 
calculated  and  measured  Interplanar  angles  and  spaclngs  well  within 
experimental  error.  Reflections  In  the  experimental  pattern  which  are  not 
Included  In- the  simulation  can  be  easily  explained  as  resulting  from  triple 
diffraction.  The  highly  dynamic  nature  of  diffraction  In  these  precipitates 
can  be  understood  In  terms  of  the  fine  size  of  the  crystallites.  Fig.  53  Is  a 
weak  beam  micrograph  of  the  precipitate  shown  In  Fig.  la  taken  using 
a  (111)  reflection.  From  this  micrograph,  the  crystallltr  size  can  be 
estimated  to  be  ~  50  A . 

Five-fold  symmetry  resulting  from  multiple  twinning  has  been  observed 
previously  In  fee  and  diamond  cubic  materials  which  were  evaporated  onto  a 
substrate^23"29) .  In  these  studies,  particles  consisting  of  either  five 
Individual  crystallites,  forming  a  pentagonal  decahedron,  or  twenty 
crystallites,  forming  an  Icosahedron,  were  observed.  Diffraction  analysis 
confirmed  the  twinned  nature  of  these  particles^2*"29)  and  surface  energy 
calculations  have  shown  these  configuration  to  be  stable  for  small  particle 
sizes  (~  100  nm)^20,21^.  However,  In  all  cases  these  particles  were  found  to 
consist  of  single  units  comprised  of  five  or  twenty  Individual  crystallites, 
so  that  no  long  range  anomalous  symmetry,  such  as  that  found  In  this  study, 
was  observed.  In  the  Al-Fe  system,  precipitates  In  the  form  of  10-polnted 
stars  have  been  observed  In  chill  cast  material^*).  This  observation  has 
also  been  explained  In  terms  of  multiple  twinning,  resulting  in  a  five-fold 
axis,  but  not  Involving  Icosahedral  symmetry.  No  supporting  diffraction  data 
for  this  model  have  been  presented. 


In  the  report  of  the  first  year's  work,  observations  of  the  formation  of 
a  metastable  phase  In  Al-Mo  alloys  when  melt-spun  were  described.  This  phase 
was  tentatively  Identified  as  being  AI4M0  with  a  crystal  structure  given  by 
the  space  group  Im3m,  with  a  lattice  parameter  of  5.39  A.  A  more  detailed  and 
thorough  analysis  has  been  performed  since  and  this  has  revealed  some  errors 
In  the  first  attempt.  The  more  rigorous  analysis  Is  described  below. 

5.2.1  Structure  of  the  Phase 

The  morphology  of  the  phase  Is  shown  In  Fig.  54.  Convergent  beam 
electron  diffraction  (CBED)  was  used  to  determine  the  point  group  of  the 
structure.  Convergent  beam  patterns  (CBP's)  corresponding  to  the  electron 
beam  being  aligned  accurately  parallel  to  the  <100>  and  <111>  zone  axes  are 
presented  In  Fig.  55  (a  and  b)  and  Fig.  56  (a-c),  respectively.  The  various 
symmetries  that  may  be  observed  In  these  patterns  are  shown  In  Table  1.  From 
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Deduced 

Diffraction 


Table  1 

Convergent  beam  pattern  symmetries  and  the  deduced  projection 
diffraction  groups  for  the  A14mo  metastable  phase. 
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these  symmetry  date  the  diffraction  groups  to  which  these  patterns  belong  may 
be  deduced^*  )t  and  these  are  also  shown  In  the  table.  It  is  possible  to  list 
the  point  groups  that  would  give  rise  to  the  deduced  diffraction  groups^), 
and  these  are  shown  In  Table  2.  It  Is  evident  that  the  only  consistent  point 


Deduced 

Diffraction  Group 

4mmlR 

4mm 


Possible  Point  Groups 
4/mmm  m3m 


6RmmR 


m3m 


Table  2 

Possible  crystal  point  groups  obtained  from  the  deduced 
diffraction  groups.  Note  m3m  Is  the  only  consistent  point  group 

for  all  three  zone  axis. 


group  Is  m3rn.  The  nature  of  the  unit  cell  may  be  deduced  by  projecting  the 
reflections  In  the  higher  order  Laue  zones  back  onto  the  zero  order  pattern. 
When  this  is  done,  a  body-centered  reciprocal  lattice  cell  is  constructed  so 
that  the  real  lattice  cell  must  be  of  a  face-centered  type.  The  space  group 
may  be  deduced  from  this  Information  and  a  knowledge  of  the  kinematically 
forbidden  reflections.  To  establish  whether  particular  reflections  are 
forbidden.  It  Is  necessary  to  tilt  the  sample  about  given  systematic  rows  of 
reflections  away  from  poles  of  high  symmetry  where  double  diffraction  effects 
are  possible,  and  then  determine  the  reflections  which  remain  present  when  all 
possible  double  diffraction  paths  have  been  removed.  An  example  of  this  Is 
shown  In  Fig.  57,  which  shows  the  results  of  such  tilting  experiments  from  a 
<110>  zone  axis  about  four  systematic  rows.  The  results  of  this  and  other 
tilting  experiments  reveals  that  the  forbidden  reflections  may  be  summarized 


as  those  corresponding  to  the  diamond  cubic  structure.  For  example.  In  the 
100  systematic  row  of  reflections,  only  multiples  of  400  are  allowed.  This 
Information  taken  with  the  nature  of  the  cell  and  the  point  group  determined 
above,  yield  a  space  group  of  Fd3m  and  a  lattice  parameter  of  7.23  A . 

5.2.2  Chemical  Composition  of  the  Phase 

The  chemical  composition  of  the  phase  was  determined  by  the  use  of  EOS 
combined  with  STEM.  To  perform  quantitative  compositional  analysis  using 
these  techniques,  it  Is  necessary  to  make  measurements  of  the  Integrated 
Intensities  (usually  some  factor  times  the  full -width  at  half-maximum,  FHHM) 
of  the  x-ray  peaks  of  the  elements  present  In  the  phase  of  Interest.  These 
Intensities  (IA1  and  1^  In  the  present  example)  are  related  to  the 
compositions  (CA1  and  C^)  by  a  simple  equation  which  Is  written  as: 

cAl/cMo  *  kA1/No  •  ln'lm  (2) 

The  factor  may  be  determined  experimentally  either  by  using  pure 

elemental  standards  (l.e.  thin  foils  of  A1  and  Mo)  or  more  simply  by  using  a 
known  compound  standard  consisting  of  the  elements  of  Interest.  In  the 
present  study,  both  approaches  have  been  followed.  In  the  case  of  the  pure 
elemental  standards  the  value  of  Is  determined  by  use  of  the  following 

equation: 


KAl/Mo  *  IOMo/IOA1  *  NA1/NMo  *  vAlA,Mo  *  W^o  W 

where  I#^  refers  to  the  Integrated  Intensity  of  the  x-ray  peak  from  the  1th 
standard  element,  Nj  Is  the  number  of  electrons  used  to  generate  the  1th  peak, 
v.|  Is  the  atomic  density  of  the  1th  element  and  tj  Is  the  thickness  of  the 
foil  of  the  1th  element  at  the  position  where  the  standard  spectrum  was 


generated.  The  atomic  densities  are  well  known  quantities  and  the  factors  Nj 
are  made  equal  by  adjusting  the  counting  times  used.  From  each  standard, 
then,  it  Is  necessary  to  determine  the  Integrated  intensity  and  the  specimen 
thickness  at  that  point.  In  the  case  of  the  No  standard,  this  latter  quantity 
was  done  by  means  of  convergent  beam  techniques  which  yield  an  accuracy  of 

•  3%.  The  specimen  used  in  the  case  of  A1  was  a  simple  sphere  of  thickness 

•  2420  A,  this  being  determined  by  direct  measurement  In  the  electron  micro¬ 
scope.  The  data  obtained  from  the  pure  elemental  standards  A1  and  Mo  are 
listed  in  Table  3.  Substitution  of  these  values  into  equation  (3)  yields  a 
value  of  Ka1/Mo  «  1.142. 

DATA  FOR  PURE  ELEMENTAL  STANDARDS 


Counts 

MoK 

166906 

IHC* 

6217 

MoK 

160689 

Counts 

AIK 

515295 

IHC* 

3277 

AIK 

512018 

t  -  710  A 


t  -  2424  A 


Table  3 

Total  Integrated  counts  at  FWHM  and  experimentally  measured 
thicknesses  for  elemental  standards. 

*IHC:  In-hole  count. 
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A  typical  spectrum  obtained  from  the  metastable  phase  Is  shown  In  Fig. 

58.  When  the  Integrated  Intensities  are  deduced  from  several  such  spectra, 
after  contributions  to  these  spectra  from  unfocussed  radiation  being  Incident 
on  the  sample  have  been  subtracted,  and  are  substituted  together  with  the 
value  of  K/m/xq  Into  equation  (2).  an  average  value  for  the  composition  for 
the  phase  Is  found  to  be  Al-19.50  No  (In  at.X).  This  corresponds 
approximately  to  AI4N0. 

It  Is  Important  to  establish  confidence  In  this  method  of  analysis,  and 
so  the  value  of  obtained  from  thin  foils  was  used  to  determine  the 

composition  of  a  known  standard.  An  apparently  stable  line  compound  In  the 
Al-Ho  system  Is  AI^No,  which  can  be  precipitated  In  equilibrium  with  the 
solid  solution  based  on  A1.  Samples  of  A1-13MO  (at.X)  were  aged  at  650°C  for 
48  hours  to  promote  coarsening  of  the  AI^Mo.  In  this  way,  large  particles  of 
the  compound  standard  could  be  produced  such  that  there  would  be  essentially 
no  spectral  contributions  from  the  surrounding  Al-rlch  matrix.  At  first,  CBED 
patterns  were  recorded  from  the  compound  standard  so  that  Its  structure  might 
be  determined.  In  this  way,  the  exact  Identification  of  the  standard  was 
established.  The  CBP's  obtained  with  the  beam  aligned  accurately  parallel  to 
the  <001>  and  <111>  zone  axes  are  shown  in  Figs.  59  and  60.  The  various 
symmetries  observed  In  these  patterns  are  listed  in  Table  4,  from  which  It  1$ 
possible  to  deduce  the  possible  diffraction  groups  to  which  the  patterns 
belong.  When  the  possible  point  groups  corresponding  to  these  diffraction 
groups  are  considered  (Table  5),  It  follows  that  only  the  *3  point  group  Is 
consistent  with  the  available  data.  The  nature  of  the  unit  cell  can  be 
determined  In  the  same  manner  as  described  above,  and  Is  found  to  be  a  face- 
centered  reciprocal  lattice  and  therefore  a  body-centered  real  lattice.  By 
noting  the  possible  missing  reflections,  and  combining  this  Information  with 
the  point  group  and  type  of  unit  cell  yields  a  space  group  of  M3  with  a 
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Table  5 

Possible  crystal  point  groups  obtained  from  the  deduced  diffraction  groups 
Note  m3  Is  the  only  consistent  point  group  for  all  three  zone  axis. 
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lattice  parameter  of  7.49  A .  This  analysis  Is  In  good  agreement  with  the  data 
listed  in  the  literature^**).  When  the  Integrated  Intensities  for  the  x-ray 
peaks  determined  from  several  spectra  recorded  from  the  compound  are  used 
together  with  the  value  for  In  equation  (2),  an  average  composition  of 

A1-7.85MO  (at.X)  Is  obtained.  This  is  to  be  compared  with  the  known  value  of 
A1-7.69M0.  Clearly,  this  result  permits  a  great  deal  of  confidence  to  be 
placed  in  the  analysis. 
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Fig*  50  Selected  area  diffraction  patterns  of  the  major  zone-axes  of  the 
precipitate,  showing  the  Icosahedral  symmetry.  Also  shown  are  the 
angles  between  these  axes  of  symmetry  as  measured  from  the  precipitate 
(top)  and  calculated  for  the  Icosahedron  (bottom). 


Fig.  51  Illustration  of  the  Icosahedral  model  In  which  the  faces  of  the 

icosahedron  represent  (111)  planes  of  multiply- twinned  rhombohedral 
crystal s. 
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Fig.  52  Comparison  of  the  simulated  (a-c)  and  experimentally  determined  (d) 
diffraction  patterns,  a)  contribution  of  first  crystal  b) 
contributions  from  all  twenty  multiply- twinned  crystals  c)  effect  of 
double  diffraction  d)  experimentally  obtained  pattern. 
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6.  DYHAHIC  POWDER  COjjPACTIOh 

In  the  first  year's  work,  emphasis  was  placed  on  the  compaction  of 
rapidly  solidified  powders  of  Al-7091,  which  were  fabricated  by  ALCOA  and 
kindly  supplied  by  Or.  H.  Gegel  of  AFVAL.  Of  particular  Interest  In  this 
research  Is  the  response  of  the  prior  particle  boundary  regions  to  dynamic 
compaction.  For  example,  to  what  degree  has  a  good  metallurgical  bond  been 
established.  To  explore  this  feature  further,  a  model  system  was  chosen  for 
study.  In  particular.  It  Is  Important  to  be  able  to  Identify  the  regions  of 
the  prior  particle  boundaries.  For  this  reason,  nominally  pure  A1  powders 
(<  44  pm  diameters)  were  mixed  with  fine  particulate  of  YgOj  (<  15  pm 
diameters).  In  this  way,  the  prior  particle  boundaries  would  be  marked  by  the 
chemically  different  particulate. 

The  mixture  of  powders  were  compacted  using  the  device  described  In  first 
annual  report  and  foils  for  TE1  were  produced.  Fig.  61  (a,b)  shows  two  areas 
containing  prior  particle  boundaries,  which  were  Identified  by  the  presence  of 
particles  of  YgOj.  In  addition  to  the  deliberately  added  Y203  particles, 
other  smaller  Inclusions  may  be  observed.  These  latter  Inclusions  may  be  seen 
more  clearly  In  Fig.  62  (a  and  b),  where  they  have  formed  In  a  sample  In  which 
no  Y2O3  was  added  Intentionally.  The  spatial  distribution  of  these  particles 
In  this  one  grain  of  A1  which  straddles  the  prior  particle  boundary  suggests 
that  local  melting  In  this  region  may  have  occurred.  It  Is  Interesting  to 
note  that  in  all  these  A1  compacts,  the  material  appears  to  have 
recrystal 11  zed  dynamically. 

Small  tensile  samples  were  machined  from  the  pieces  of  A1  which  had  been 
dynamically  compacted.  The  shape  of  the  samples  Is  shown  In  Fig.  63  and  these 
do  In  fact  conform  with  the  standard  specification  of  ASTM.  The  results 
obtained  for  both  the  as-compacted  material  and  samples  which  had  been  heat- 
treated  for  two  hours  at  250*C  are  listed  In  Table  6.  Although  these  values 


Tensile  Streneth 


as-compacted 


heat-treated  for 
2  hours  at  250*C 


Table  6 

Tensile  strengths  for  dynamically  compacted  powder  of  pure  A1. 

are  similar  to  those  expected  from  conventionally  processed  material  (l.e. 

30  ksl),  none  of  the  samples  showed  any  significant  ductility.  The  reason  for 
the  lack  of  ductility  Is  probably  related  to  the  presence  of  oxide  Inclusions 
found  at  the  prior  particle  boundaries  In  the  compacted  material.  Examples  of 
such  particles  may  be  seen  In  the  micrographs  In  Fig.  64  (a-c).  It  should  be 
noted  that  no  degasing  of  the  powders  was  performed  in  order  to  remove  the 
hydration  of  the  oxide  layer  that  forms  commonly  on  the  surfaces  of  A1 
powders.  Future  work  will  Involve  degasing  heat-treatments  which  may  lead  to 
Improved  ductilities  in  compacted  samples. 

Tensile  specimens  were  also  machined  from  dynamically  compacted  blanks  of 
the  alloy  7091.  The  results  obtained  from  the  as-compacted  condition  were 
rather  disappointing  both  from  the  point  of  view  of  strength  and  ductility. 
Consequently,  some  test  specimens  were  heat-treated  for  one  hour  either  at 
250°  or  450*C,  respectively.  The  results  of  all  these  tests  are  presented  In 
Table  7.  In  addition,  a  test  specimen  of  the  same  type  as  used  for  the 
compacted  material  was  machined  from  a  piece  of  extruded  7091,  which  had  been 
kindly  supplied  by  Dr.  G.J;  HI 1 deman  of  ALCOA.  The  strength  of  this  sample  is 
also  included  for  comparison  In  Table  7.  As  can  be  seen  from  the  table,  the 
strengths  of  the  dynamically  compacted  material  Is  significantly  lower  than 
that  of  the  extruded  material.  However,  the  powders  of  7091  were  produced  by 


as-compacted 


6.3 

9.8 


43.7 

67.8 


heat-treated  for 

1  hour  at  250*C 

10.5 

72.6 

heat-treated  for 

33.8 

233.0 

1  hour  at  450#C 

40.3 

277.0 

40.3 

277.0 

as-extruded 

90.7 

625.7 

7091 

Table  7 

Tensile  strengths  for  dynamically  compacted  powders  of  7091.  Also  Included 
Is  a  result  for  the  tensile  strength  of  extruded  7091  for  comparison. 

gas  atomization  and  were  not  degased  before  compaction.  It  Is  thought  that 
the  low  strengths  are  due  to  the  lack  of  surface  cleanliness  and  future  work 
Is  being  directed  towards  degasing  of  the  particulate  prior  to  compaction. 
Scanning  electron  micrographs  of  the  fracture  surfaces  of  the  tensile  samples 
of  7091  in  the  as-compacted  condition  and  also  the  high  temperature  heat- 
treatment  are  shown  In  Fig.  65  (a,b).  The  fracture  mode  Involving 
Interparticle  separation  does  not  appear  to  change  significantly  with  heat- 
treatment. 
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Fig.  61  Typical  boundaries  Identified  by  presence  of  Y2O3.  These  reckons  are 
along  the  boundary  away  from  the  oxide.  The  boundaries  often  outline 
particles  as  In  a). 
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A  typical  boundary.  In  a)  a  recrystall ized  grain  traverses  the  boundary,  b) 
Higher  magnification  image  of  the  arrowed  grain  In  a)  showing  apparent  prior 
surface  oxides. 
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Fig.  63  Machined  aluminum  compact  and  compact  tensile  specimens 
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